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Abstract 
This investigation was carried out in order to determine whether roped (or 
spirally indented) tubes could be used to improve the amount of heat 
transferred by the secondary heat exchanger in a domestic natural gas fired 
condensing boiler. 
Experiments were carried out using purpose built test apparatus and three 
types of heat exchanger tubes (plain, roped and finned tubes respectively) that 
were used to make up four distinct heat exchangers. Two of the experimental 
heat exchangers were comprised solely of plain and roped tubes while two of 
the heat exchangers were hybrids, made up of a combination of finned and 
plain tubes and finned and roped tubes respectively. The results of these 
experiments showed that the heat exchanger made up solely of roped or 
spirally indented tubes transferred less heat than an equivalent plain tube heat 
exchanger. When the roped (or spirally indented) tubes were combined with 
finned tubes to form a hybrid heat exchanger, it was determined that more heat 
was transferred than by a similar hybrid heat exchanger that consisted of plain 
and finned tubes. 
The experiments also showed that increasing the velocity of the natural gas 
combustion products as they flowed through the secondary heat exchanger 
resulted in an increase in the amount of heat transferred by the four heat 
exchangers. Additionally, information is presented about the effect that air, 
excess to that required for stoichiometric combustion, had on heat transfer and 
the condensing regime present on the- plain, roped and finned tubes in a 
secondary heat exchanger in a condensing boiler. 
In addition to the experimental work, theoretical modelling was also 
performed using a modified CFD model to calculate the performance of the 
four heat exchangers. At high flue gas velocity the theoretical results produced 
by the modified CFD model for both the plain and roped tube heat 
exchangers were found to be good, while the low flue gas velocity results 
were found to be less accurate. The theoretical results for the two hybrid heat 
exchangers were found to considerably underpredict the experimental results 
in all cases. 
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CHAPTER 1 
General Introduction 
1.1 Introduction 
Since the introduction of VAT on all forms of domestic fuel, the efficient use 
of energy in the home has become an issue of increasing importance. 
One way of reducing the domestic consumption of natural gas (which 
accounts for 55% (1) of all the natural gas consumed in the United Kingdom) 
for central heating is through the use of a condensing boiler. 
Condensing boilers are distinct from ordinary conventional boilers in that a 
condensing boiler contains a second heat exchanger. This second or 
condensing heat exchanger makes a condensing boiler more efficient than a 
conventional boiler (which contains a single or primary heat exchanger) as 
more of the sensible and latent heat can be, 
extracted from the combustion 
products. Extra sensible or dry heat can be recovered as a result of the 
increased total surface area available for heat exchange while the latent or 
wet heat energy can be reclaimed through the condensation of the water 
vapour contained in the flue gas products. 
The purpose of the present investigation is to examine methods of enhancing 
the performance of the secondary or condensing heat exchanger. Improving 
the performance of the secondary heat exchanger will have a direct impact on 
the efficiency of the boiler and lead to lower fuel consumption, which is of 
great benefit to the consumer. 
Prior to the investigation and development of enhancement methods for 
improving the condensing heat exchanger (Chapter 2) a thorough review of 
i 
1.2 The Condensing Boiler 
1.2.1 History and Early Development 
The pioneering work on condensing boilers was carried out in the Netherlands 
in 1978. Nederlandse Gasunie (2), (3) developed a 16kW domestic boiler that 
consisted of a burner, a conventional primary heat exchanger and a separate 
secondary condensing heat exchanger, Figure (1.1). The efficiency of this 
prototype boiler was found to be 93% when the temperature of the water 
returning from the household radiators was 313 K. 
In addition to Nederlandse Gasunie, the VEG - Gasinstituut was also actively 
investigating the development of a high efficiency domestic boiler in the late 
1970's (4). The VEG - Gasinstituut designed an economiser that could be 
fitted to existing central heating boilers. Tests showed that this economiser 
raised the efficiency of the boiler by approximately 10 - 15%. 
These new boilers developed by Nederlandse Gasunie and the VEG - 
Gasinstituut were designated HR, which stands for Hoog Rendement (High 
Efficiency) (5). So that it was possible to differentiate central heating boilers 
with the new HR technology from existing conventional boilers the VEG - 
Gasinstituut introduced an approval mark, GI VEG - HR, which was granted 
to boilers that had an efficiency of 90% or above. 
In order to stimulate the further development and commercialisation of the 
new HR technology, Nederlandse Gasunie awarded free licences to 10 boiler 
manufacturers in Holland. These manufacturers used this technology to 
produce a number of different types of condensing boilers, which will be 
discussed in detail in Section (1.2.3). 
The development of high efficiency condensing boilers in the United 
Kingdom began in 1980 and was carried out by British Gas plc (now BG plc). 
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Kingdom began in 1980 and was carried out by British Gas plc (now BG plc). 
A prototype was constructed, (6) at the former Watson House Research Station 
(WHRS) in London, which consisted of a sixteen tube cross-flow heat 
exchanger that had been fitted into the flue of a conventional forced draught 
natural gas boiler, Figure (1.2). This experimental boiler was capable of 
efficiencies between 83 % and 90% when the temperature of the water 
returning from the domestic radiators (return water) was 333 K and 303 K 
respectively. 
Further work in the field of condensing appliances carried out at WHRS 
resulted in a boiler (7) that was similar to the prototype developed by 
Nederlandse Gasunie. The developed appliance, Figure (1.3), was draught 
induced and under negative pressure (relative to atmospheric pressure) for 
safety reasons and contained two heat exchangers. The heat exchangers were 
separated within the boiler casing so that the secondary heat exchanger, 
Section (1.2.2), could act as a condenser with the resulting condensate passing 
through the heat exchanger to the drain. 
1.2.2 Principles of Operation 
1.2.2.1 Combustion 
In order for a condensing boiler to generate heat for both domestic hot water 
and central heating, the process of combustion must take place. This process 
" ,. takes place in the burner of the appliance and is initiated when methane or 
natural gas and oxygen are combined and ignited. The products of this 
combustion process under stoichiometric conditions are carbon dioxide and 
water as shown below: 
Methane + Oxygen 4 Carbon Dioxide + Water (1.1) 
(CH4) + (202) --)o (CO2) + (2H20) 
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The above equation, Eqn (1.1), shows the simple form of the combustion 
process. In fact, the process is much more complex. The composition of 
natural gas is not made up of 100% methane, but a number of components, 
see Table 1.1 (8). The components found in natural gas other than methane 
are responsible for the acidity of the condensate generated by condensing 
boilers, Section (1.2.2.2), as a result of secondary chemical reactions. It 
should be noted that very small amounts of sulphur are also present in natural 
gas. Sulphur is added to natural gas in order to provide an odourant which can 
assist in detection when there is a gas escape. The exact amount of sulphur 
added to natural gas is commercial in confidence to BG plc and as such cannot 
be divulged in this thesis. 
Table 1.1: Typical Components of Natural Gas 
Component % 
Methane 92.6 
Ethane 3.6 
Propane 0.8 
Butane 0.2 
Pentanes 0.1 
Hydrogen - 
Carbon Monoxide - 
Carbon Dioxide 0.1 
Nitrogen 2.6 
The oxygen used in the combustion process shown is also not supplied in a 
pure form but is draWn from atmospheric air. Air is composed of 
approximately 79% Nitrogen (N2), which is largely unaffected by 
combustion, and 21% oxygen (02). The theoretically correct amount of air 
necessary for combustion is called the stoichiometric air requirement. In 
order for the combustion of im' of natural gas to be complete, the 
stochiometric air requirement is approximately 9.7m3 of air. 
If, during the combustion process, there is an insufficient amount of air 
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available then incomplete combustion will occur. This is very serious as 
unburnt fuel in the form of methane gas is one of the 'greenhouse' gases that 
can cause considerable harm to the environment. Carbon monoxide (CO) gas 
could also be produced which can, under certain circumstances, be fatal. If 
too much air is present (ie a high level of excess air), inefficient combustion 
will take place resulting in low flue gas temperatures and therefore less heat 
available to be transferred to the heat exchanger. For these reasons, the burners 
in domestic appliances are designed to be supplied with a greater amount of 
air than is required for stoichiometric combustion. Typically the amount of 
excess air is between 20% to 50%. 
The heat produced by the combustion process and transmitted by the flue gas 
products takes the form of both sensible and latent heat. The sensible (or dry 
heat) is directly related to the temperature of the flue gas products generated 
by the combustion process whereas the latent (enthalpy of evaporation) or wet 
heat is the amount of heat energy required to keep water in the gaseous 
phase. 
As mentioned in the introduction, Section (1.1), it is the recovery of the latent 
heat through condensation, Section (1.2.2.2), that provides condensing boilers 
with higher efficiencies, Section (1.2.2.4), than conventional domestic boilers. 
1.2.2.2 Condensation 
The combustion products of natural gas, Section (1.2.2.1), are ideally suited 
for the recovery of latent or wet heat. This is due to the fact that the 
combustion products have a high water content (natural gas produces two 
times its own volume of water vapour when combustion takes - place, (8)), are 
not highly acidic, Section (1.2.5.1), and are generally free of soot. 
Through the use of a second heat exchanger, it is possible to force the 
combustion products (or a portion of them) to condense from the vapour 
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phase into the liquid phase. The condensation of the flue gas products is 
achieved through the use of cool water returning from the household radiator 
circuit and entering the secondary heat exchanger. If the surface temperature 
of the secondary heat exchanger is less than 323 to 328 K, then the dew point 
of the flue gases will be reached and the gases will begin to change from the 
vapour to the liquid phase, ie condense. 
When condensation occurs in a secondary heat exchanger, the heat contained 
in the water vapour is transferred from the gases through the heat exchanger 
tube walls to the cool return water. The recovery of this extra heat from the 
flue gases in effect pre-heats the water returning to the primary heat 
exchanger of the boiler. As a result of the higher return water temperature, 
less fuel will need to be used to bring the temperature of the water flowing 
out to the radiators up to a desired set point. 
When a typical condensing boiler is operated at stoichiometric conditions, it 
has been determined that between 40 to 42 litres of condensate can be 
produced per gigajoule (GJ) of natural gas burnt (5), (8). This figure equates 
to approximately 150 millilitres of condensate for each kilowatt of input 
power to a domestic appliance, (8). The removal of condensate generated by a 
condensing boiler necessitates the use of a drain. This is one of the 
differences between conventional boilers (which are operated in a completely 
dry state and at lower efficiencies) and condensing boilers. 
1.2.2.3 Flueing 
As discussed in Section (1.2.2.2), two of the differences between conventional 
and condensing boilers are the generation of condensate, through the use of a 
secondary heat exchanger, and the removal of condensate from the boiler 
through the use of a drain. 
Another significant difference between the two types of boilers is the flueing 
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system that is used to remove the flue gas products. Conventional boilers are 
generally fitted with natural draught flue systems. These systems rely on the 
buoyant force of the hot (approximately 423 K to 523 K, (9)) flue gas 
products setting up a natural convection current which lifts the hot gases up 
the flue duct to the atmosphere. 
Condensing boiler flue gas products, however, cannot be removed from the 
appliance using this safe and simple method. This is due to the fact that after 
the flue gases have passed through the secondary or condensing heat 
exchanger they are comparatively cooler (approximately 353 K) and as a 
result denser. This means that the flue gases have lost their natural buoyancy 
force and as a result cannot set up a natural convection current in the flue 
ducting. 
In order to overcome the problem of poor buoyancy, condensing boilers have 
been designed to include either forced or induced draught fan systems. A 
forced draught system contains a fan that is mounted upstream of the burner 
in the appliance. This fan forces or 'pushes' the natural gas and air mixture 
into the burner. After combustion, the flue gas products are forced through 
the secondary heat exchanger and up the flue ducting to the atmosphere. 
An induced draught flue system has a fan mounted in the flue ducting. This 
fan sucks or 'pulls' the natural gas and air mixture, firstly, to the burner where 
combustion takes place. The combustion products are then, secondly, pulled 
over both the primary and secondary heat exchangers before passing through 
the flue ducting of the boiler. 
In both of the above types of fan systems, it is important that the fan be sized 
correctly due to the extra flow resistance caused by the second heat 
exchanger. It is also very important with induced draught systems that the 
fan be made of materials that are resistant to corrosion. The use of corrosion 
resistant materials is necessary in both the fan and the flue ducting due to the 
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fact that condensation will also occur inside the flue under normal operating 
conditions (8). As condensation is present in the flue under normal 
conditions, the installation of a drain in a low point in the flue ductwork is 
also necessary. 
It should be noted that there are also several physical differences in the flue 
ductwork of both conventional and condensing boilers. In natural draught 
flue systems, commonly used with conventional boilers, the flue ducting 
needs to be of a large diameter and have few bends. This is neccessary so that 
there is little resistance to flow. There must also be a sheltered flue terminal 
which is necessary to prevent the flue gases from being blown back down the 
ductwork due to strong wind conditions. 
In contrast to the flue systems of conventional boilers, the fans used in both 
the forced and induced draught condensing boiler systems allow the flue 
ducting from the boiler to be made to a smaller diameter and have more bends 
in the ducting (depending on the fan power). Forced and induced draught 
flues are also much less sensitive to wind conditions and do not require a 
sheltered flue terminal. 
1.2.2.4 Calculation of Boiler Efficiency 
There are two ways in which the full load efficiency of a domestic boiler may 
be calculated. However, prior to examining both the direct and indirect 
efficiency methods (8), it is important to define what is meant by the calorific 
value of natural gas. 
The calorific value of a fuel such as natural gas is defined as the quantity of 
heat released when a known mass or volume of fuel is completely burnt. The 
units used to measure the calorific value of fuel are either megajoules/cubic 
meters (MJ/m3) or megajoules/kilogram (MJ/kg). At present, there are two 
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types of calorific value in use for efficiency calculations in Europe, the gross 
and the net calorific values. 
The gross calorific value is defined as the calorific value of a fuel that 
includes the latent heat of condensation for all of the water vapour contained 
in the products of combustion. The gross calorific value is used in the UK to 
determine domestic boiler efficiencies. The net calorific value is the calorific 
value of the fuel when none of the water vapour has been condensed from the 
flue gas products. The net calorific value is commonly used on the continent 
for domestic boiler efficiency calculations. 
The evaluation of gross or net boiler efficiencies (depending upon the calorific 
value) can be achieved through either a direct or an indirect method. In order 
to calculate the boiler efficiency using the direct method, it is necessary to 
measure both the flow rate and temperature rise of the water passing through 
the boiler. With this information, the specific heat capacity of water and the 
boiler heat input, the direct efficiency may be determined as follows: 
iid =100*M Cp dT = 100* Boiler Energy Output (1.2) 
Qin Boiler Energy Input 
The indirect method of efficiency calculation may be used when the heat 
losses associated with a boiler are known. Heat is lost from domestic boilers 
through both the flue and the boiler casing. 
The heat lost though the flue ducting can be determined by measuring both 
the temperature and composition of the flue gas products. With this 
information and a flue loss chart, Figure (1.4), it is possible to obtain the 
percentage of heat lost to the flue from the boiler (8). 
The boiler casing losses are a combination of radiated and convected heat that 
is given off from both the burner and heat exchanger assembly. These losses, 
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like the flue gas losses, are expressed as a percentage of the boiler input 
energy and are generally available from boiler manufacturers. With the flue 
(Lf) and casing (Lc) losses, the indirect efficiency may be obtained as. 
11i= 100-(Lf+Lc) (1.3) 
It should be noted that the gain in condensing boiler efficiency from the 
recovery of latent heat, Section (1.2.2.1), can also be evaluated through the 
examination of the amount of condensate produced. The gain in efficiency 
can be determined by measuring the condensation rate in litres per hour (1/hr) 
and evaluating the maximum condensation rate (8) with Eqn (1.4). 
Maximum Condensation Rate (Uhr) = 0.15 x boiler input rating (kW) (1.4) 
Both the measured and maximum condensation rates are then used with Eqn 
(1.5) to determine the heat gained from the recovery of latent heat in a 
condensing boiler. 
Gain in Efficiency (%) = 100 * measured condensation rate (u hr) 
maximum condensation rate (1/hr) (1.5) 
1.2.3 Present Technology 
There are two majör designs of condensing boilers that are presently available 
for both industrial/commercial and domestic applications. These designs are 
categorised as either'WET' or 'DRY' condensing boilers. 
The wet condensing boiler, Figure (1.5) has water sprayed onto the products 
of combustion such that the two fluids have direct contact with each other in 
the combustion chamber (10). The temperature of the fluid sprayed into the 
combustion chamber is kept below the dew point of flue gas so that when the 
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fluid comes in contact with the combustion products, both sensible and latent 
heat is given up. The heat recovered from the combustion products is then 
transferred to the heating circuit via the fluid in the combustion chamber and 
a standard water to water heat exchanger. 
It is important to note that the system must be designed to be resistant to 
corrosion due to the mildly acidic (pH 2.8-5.0) water conditions that result 
from the presence of condensate. As a result of the nature of the design of the 
wet condensing boiler, it has been primarily used in Industrial and 
Commercial applications and as such is beyond the scope of the present 
investigation. 
The 'dry' condensing boiler operates with the products of combustion and the 
heating circuit water kept apart and incorporates the technology developed in 
Holland in the late 1970's, Section (1.2.1). This initial technology was made 
fully available to European manufacturers and has resulted in the 
development of three distinct domestic condensing boiler configurations, 
which are as follows: 
. The downward firing boiler 
. The 'M' type boiler 
. The 'N' type boiler. 
The downward firing condensing boiler (8), Figure (1.6), consists of a burner 
and fan assembly tl. at is located above the primary and secondary heat 
exchangers. The heat exchangers are mounted vertically in-line and are 
commonly made up of aluminium finned tubes. A condensate drain and the 
flue are normally located underneath the secondary heat exchanger. A typical 
example of this type of design is the Stelrad Ideal Turbo 11 (10) condensing 
boiler which is readily available in the UK, Figure (1.7). 
The second of the three designs, the 'M' type boiler, consists of a heat 
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exchanger element that incorporates both a primary and a secondary heat 
exchanger, (5), (8), (11). The combustion products that are generated in the 
centrally mounted burner flow up through the centre of the heat exchange 
element and past the primary heat exchanger. Once the flue gas has flowed 
through the primary heat exchanger the gas is then drawn past the secondary 
heat exchanger (located on the outside of the heat exchange element) by a fan 
mounted in the flue duct. A typical example of this particular type of design 
is the Trisave Turbo boiler (5), Figure (1.8). 
The 'N' type boiler design consists of two separate heat exchangers (primary 
and secondary), an upward firing burner unit and an induced draught fan 
located in the flue ductwork. After combustion, the flue gas products flow 
upward from the burner unit through the primary heat exchanger. The 
products then travel from the top of the primary heat exchanger through a 
short section of ductwork to the top of the secondary heat exchanger. Once 
the flue gases have passed through the condensing heat exchanger, they are 
then vented to atmosphere by the fan via the flue ductwork. The Remeha Gas 
1 HR boiler, Figure (1.9), was designed using the N-type boiler technology 
and has an efficiency of 90% (11). 
At present there are eleven manufacturers of condensing boilers (12) 
competing in the UK domestic heating market. The' boilers produced by 
these manufacturers (Table 1.2) range in power outputs from a modest 4kW 
(Yorkpark) unit that would be suitable for small flats, to more standard 
23-25.9kW models (Keston boilers and Ravenheat respectively) for use in 
detached houses. 
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Table 1.2: Condensing Boiler Manufacturers 
ACV Atlantic Boilers 
Ltd 
Commercial/Domestic oil and gas Combination 
Condensing boilers 11 - 10,000 kW 
Caradon Heating Ltd Domestic 12 - 40 kW 
Small Commercial 9- 112.7 kW 
ELM Leblanc Combination Condensing boilers 8.7 - 23.2 kW 
Ferroli Combination Condensing boilers 8.3 - 23.8 kW 
Hepworth Heating Ltd Domestic 12.7 - 17.5 kW 
Keston Boilers Domestic 13 - 23 kW 
Malvern Boilers Ltd Domestic 8.8 - 20.6 kW 
Trisave (Crosslee) Domestic/Small Commercial 6- 24 kW 
Warmworld Domestic 8.8 - 20.5 kW 
Yorkpack Ltd Domestic/Small Commercial oil and gas boilers 
Range 4-40 kW 
Ravenheat Ltd Domestic 20 - 25.9 kW 
It should be noted that the above table only provides information with respect 
to condensing boilers and does not form a comprehensive list of all boiler 
manufacturers currently trading in the UK market. 
1.2.4 Economics of Condensing Boilers 
In the preceeding sections of this Chapter, both the history and general 
operation of condensing boiler technology have been reviewed. This section 
will demonstrate that through increased efficiency during operation, 
condensing boilers are less expensive to run than conventional boilers with 
similar power outputs. Also, it will be shown that condensing boilers have a 
very reasonable payback period. 
In order to calculate the monetary savings that can be obtained from running a 
condensing boiler it is first necessary to define what is meant by seasonal 
efficiency. Seasonal efficiency is the average operating efficiency over a 
year. This not only includes the winter heating season but also the summer 
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periods when only domestic hot water is supplied by the boiler. Therefore, 
the seasonal efficiency will be quite different from the boiler efficiency 
defined in Section (1.2.2.4) as there are more factors to consider. 
Generally, the factors affecting the seasonal efficiency of a domestic boiler 
can be grouped into three areas. These are as follows (13): 
. Appliance factors 
. System factors 
. Usage factors 
Appliance factors that affect the efficiency can include whether a boiler has a 
fan, a permanent pilot flame or electronic ignition. However, the most 
important of the appliance factors is the full load efficiency, Section (1.2.2.4). 
A typical system factor is the plant size ratio. When new heating systems are 
designed, calculations are carried out to ensure that the target internal heat 
levels are achieved under assumed temperatures external to the building. The 
plant size ratio is a subsequently added margin to ensure that the target internal 
temperatures can be reached (8). Pump over-run is another typical system 
factor. When a central heating system has been turned off the pump is often 
run, particularly in lightweight boilers, to prevent localised boiling in the heat 
exchanger (8). Boiling can cause damage in a heat exchanger through pitting 
and stress cracks and can lead to a total failure of the system. Other system 
factors include whether a hot water cylinder is used, calorifier surface area, the 
system flow rate and whether a system by-pass is in operation. 
Examples of usage factors are the comfort level, whether the boiler is in either 
continuous or intermittent use, the temperature that hot water is stored at and 
the amount of hot water used. The use of these factors in determining seasonal 
efficiency has been explored in detail, (8), (14) and tables of typical seasonal 
efficiency values has been produced as a results, Table 1.3. 
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Table 1.3: Typical Seasonal Efficiencies for Domestic Gas Fired Boilers 
System Seasonal Efficiency 
(oho) 
Condensing boilers 
- underfloor or warm water system 90 
- standard size radiators, variable temperature circuit 
(weather compensation) 87 
- standard fixed temperature emitters (83/72°C) 
flow and return) 85 
Modern high efficiency non-condensing boilers 80-82 
Conventional boilers 
- good modern boiler design closely matched to 75 
demand 
- typical good existing boiler 70 
- typical existing oversized boiler (atmospheric 
cast-iron sectional) 45-65 
It may be shown that using the seasonal efficiencies, shown in Table 1.3, it is 
possible to calculate both the annual savings achieved through the use of a 
condensing boiler and the payback period. Thus assume that the average 
household consumes 800 therms of natural gas per year and that the boiler is 
a typical conventional model with an annual efficiency of 70%. By 
converting 800 therms to kilowatt - hours and multiplying by the cost of fuel 
per kilowatt - hour (1.486 pence as of 12 November 1997) the annual running 
cost of the boiler is calculated to be £348.38. 
With the annual running cost for a conventional boiler and a ratio of the 
seasonal efficiencies it is also possible to evaluate the running costs for both 
an existing oversized boiler and a condensing boiler (seasonal efficiencies of 
55% and 85% respectively). These can be shown to be £440.71 and £285.16 
respectively. 
From these calculations, a condensing boiler can save the average domestic 
consumer between £63.22 and £155.55 when the annual running costs are 
compared with the costs of a typical conventional boiler (£348.38 - £285.16) 
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and an existing oversized boiler (E440.71 - £285.16) respectively. With the 
above annual running costs and the prices of typical conventional and 
condensing boilers it is possible to evaluate the payback period when a 
condensing boiler is installed as a replacement for an existing cast iron or 
conventional modem boiler. The simple payback period for these 
calculations will be defined as follows: 
Payback Period = Difference in Boiler Costs 
Saving in Annual Running Costs 
The cost of the boilers required for these calculations was obtained from a 
price list put out by Hepworth Heating (15) who manufacture the Glow 
Worm range of boilers. The boilers that were selected for comparative 
purposes all had the same power output rating and were as follows: 
Glow Worm Hideaway 40 Boiler: £455.70 
Glow Worm Economy Plus 40 Boiler: £590.80 
Glow Worm Energy Saver 40 Condensing Boiler: £952.00 
The payback period of a condensing boiler compared to both a cast iron boiler 
and a modem conventional boiler can now be calculated, as shown below: 
(i) condensing boiler vs cast iron boiler 
Payback = £952.00'- £455.70 = 3.19 years 
£155.55 
(ii) condensing boiler vs modem conventional boiler 
Payback = £952.00 - £590.80 = 5.71 years 
£63.22 
In the above calculations, it was assumed that the existing flue can be used 
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and that the boiler system has both a pump and a three way valve (Note: a 
three way valve in domestic boiler systems is used to direct hot water to the 
radiator circuit, to produce domestic hot water or a combination of the two). 
If the boiler system lacks a pump and a three way valve, the payback period 
for replacing the boiler would increase due to the costs associated with 
installing these components. 
It was also assumed that the only difference in the installation costs of the 
boilers was the provision of a drain for the removal of condensate. As most 
households have conveniently located drains, this cost was considered to be 
negligible. As a result, the installation costs were considered to be similar for 
all three boilers and are therefore not included in the evaluation. 
The payback periods that have been calculated are similar to those found in 
previously published research. The Building Research Energy Conservation 
Support Unit (BRECSU) conducted a series of projects for the Department of 
Energy and concluded as part of the findings that the simple payback period 
for a condensing boiler in single family housing was between 3 and 7 years 
(16). 
British Gas plc (now BG plc) also carried out monitoring tests of condensing 
boilers in single family dwellings. These tests confirmed that the payback 
period was between 3.1 and 8.1 years when a condensing boiler was installed 
as the replacement of an existing boiler (14). 
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The calculations carried out in this section have clearly shown that although 
condensing boilers cost more than a conventional boiler, considerable 
savings can be realised in the annual running costs. It has also been shown 
that through the savings achieved by lower running costs and higher seasonal 
efficiencies, condensing boilers can pay for themselves in 3 to 7 years. 
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1.2.5 Condensing Boiler Research 
Since the early 1980's when condensing boilers were first introduced to the 
UK domestic heating market, British Gas plc (now BG plc) has maintained an 
active research programme in order to more fully understand and improve 
condensing boiler technology. 
This research was principally undertaken at the former Watson House 
Research Station (WHRS) in London and laterally has continued at the Gas 
Research & Technology Centre (GRTC) in Loughborough. The programme 
of work can be divided into three main areas, Sections (1.2.5.1) to (1.2.5.3) 
which are as follows: 
. Performance evaluation . 
. Materials testing 
. Computer modelling 
1.2.5.1 Performance Evaluations 
In order to determine the operating characteristics of the condensing boilers 
being sold on the UK market, British Gas plc (now BG plc) has carried out a 
large number of performance evaluations. This work was carried out for the 
most part between 1980 and 1985 when condensing boiler technology was 
still relatively new. 
These tests generated a large amount of data with respect to boiler 
efficiencies, the amount of condensate produced by condensing boilers, the 
pH of the condensate, the level of excess air used in operation of condensing 
boilers, and the types of secondary heat exchangers that were used. 
This data has been generalised for the purposes of the present investigation as 
the actual reports containing the detailed information are classified as 
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commercial in confidence and for British Gas plc (now BG plc) use only. 
The efficiencies of the condensing boilers tested (17) to (28) were found to 
range from approximately 83.5% to as high as 98%. It should be noted that 
the above range of efficiencies was evaluated using the gross calorific value 
for natural gas and Eqn (1.2) as discussed in Section (1.2.2.4). 
The data required for the evaluation of Eqn (1.2) for a given boiler was 
obtained through the use of a simple test rig that contained two separate 
pipework loops, Figure (1.10). The first or primary loop contained the boiler 
under evaluation, a flow measuring device (such as a magnetic flowmeter), a 
heat exchanger and two temperature probes (such as platinum resistance 
thermometers or thermocouples). Using this apparatus, it was possible to 
accurately measure both the mass flow and the temperature drop of the water 
contained in the closed pressurised pipework loop. With the specific heat 
(Cp) value for water, the output of the boiler under consideration could be 
evaluated. 
The boiler output value obtained using the primary loop could be verified 
with the second or secondary pipework loop. Cold water from the low 
pressure main feedline was fed through the other side of the same heat 
exchanger used in the primary loop and the temperature rise measured using 
a further two thermocouples or platinum resistance thermometers. 
The mass flow of water was determined by weighing the amount of water 
(with a Stevens Gravitron) collected in a copper cylinder over a fixed period 
of time. As described with the primary pipework loop, the boiler output was 
then obtained by multiplying the mass flow value by the temperature rise and 
the specific heat value. 
The boiler input value for the efficiency calculations was evaluated by 
measuring the amount of natural gas consumed by the boiler using a wet gas 
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meter, Section (4.5.2). The measured amount of natural gas consumed was 
then multiplied by the gross calorific value, Section (1.2.2.4), of the gas to 
obtain the boiler input value. 
In conjunction with the efficiency tests that were carried out at Watson House, 
the amount of condensate generated by the condensing boilers under 
evaluation was also measured. It was determined that condensing boilers 
produced between 0.27 and 1.4 kilograms of condensate per hour 
(17), (18), (19), (20), (25), (26), (27). The pH values of the condensate that was 
collected was found to range from 2.8 to 5.0 (a value of 0.0 is considered 
very acidic and 14.0 is very basic). 
The levels of excess air (ie the amount of air in excess of that required for 
stochiometric combustion of natural gas) present in condensing boilers was 
found to range from 30% to 36% (21), (24), (26), (30). Values as high as 45% 
and 60% were also recorded (20) although these levels are not common. 
In addition to evaluating the efficiencies of the various condensing boilers, the 
secondary or condensing heat exchanger, Section (1.2.3) was also examined. 
This examination revealed that most manufacturers ((21) to (28)), used high 
finned aluminium tubing (similar to the tubes described in Section (4.3)) to 
fabricate the condensing heat exchanger. 
Only one of the boilers under evaluation (20) was found not to have finned 
aluminium tubing in the secondary or condensing heat exchanger. This 
particular heat exchanger consisted of plain stainless steel tubes that were 
made from 316 austenitic stainless steel and had an outside diameter of 
15mm. The 80 tubes in this heat exchanger were arranged in a staggered 
formation comprising 10 rows of tubes in depth, with each row consisting of 
8 tubes. 
It should be noted that in addition to the performance evaluations carried out 
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at the former Watson House Research Station (WHRS) (1981-1984), a 
number of condensing boiler field trials ((29) to (32)) were also carried out. 
These field trials determined that the efficiencies of the boilers under test 
ranged from 86% to 90%, over a period of one year. 
In addition to examining the efficiency of condensing boilers, one of the field 
trial studies (31) examined the gas consumption between two groups on a 
new estate. The first group of houses was fitted with condensing boilers 
whilst the second or control group were fitted with conventional boilers. 
Over the period of one year, the gas consumption of the group of houses fitted 
with condensing boilers used 14.3% less fuel than the control group of 
houses fitted with conventional boilers. This saving in fuel consumption was 
a direct result of the increased efficiencies offered by condensing boilers. 
1.2.5.2 Materials Testing 
In addition to the performance evaluations carried out on condensing boilers, 
Section (1.2.5.1), British Gas plc (now BG plc) also examined the types of 
materials commonly used in condensing boiler heat exchangers. Typical 
causes of heat exchanger failures were also examined. 
The durability of materials as well as typical failures in condensing boiler heat 
exchangers were examined (33), (34), (35), (36) through the use of a'Spiking' 
rig at the former Watson House Research Station. The spiking rig (33), 
shown in Figure (1.11), accelerated the life cycle of a boiler by 'spiking' or 
adding a halocarbon (CFC) such as Freon-12 to the natural gas used by the 
boiler. The addition of Freon-12 to the natural gas caused accelerated 
corrosion within the boiler so that within approximately 1000 hours of 
continuous testing, useful information could be obtained regarding both the 
materials used in boilers and its design. 
The first evaluation of a condensing boiler (34) using the spiking rig was a 
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short test run (of 90 hours) using a boiler with a heat exchanger made from 
aluminium alloys (H9, LM10, LM6 and 1B). This short test determined that 
corrosion products were formed on both the gas and water-sides of the heat 
exchanger. 
On the water-side of this heat exchanger, the corrosion was found to be 
aluminium hydroxide. Aluminium sulphate was found to have formed on the 
gas-side where the aluminium had come into contact with the flue gas 
condensate. Even though corrosion products were found after only 90 hours 
of testing, the general quality of the alloys appeared to be satisfactory. 
When the spiking rig was used in conjunction with a condensing boiler that 
had a cast iron and copper heat exchanger assembly (35) the boiler failed. 
The failure was found to have been due to a combination of the formation of 
aqueous corrosion on the flue gas-side of the heat exchanger and overheating 
on the water-side of the heat exchanger. 
Deposits of copper sulphate were found on the flue gas sides of both the 
primary and secondary heat exchangers of the failed boiler through the use of 
the X-ray diffraction method of materials analysis. The formation of copper 
sulphate led to the failure of this heat exchanger. This was due to copper 
being removed from the finned tubes used to make up the heat exchanger with 
blocking of the spaces between the fins also apparent This reduced the 
efficiency of the heat exchanger. 
This work (35) was important in that it determined that copper and cast iron 
were unsuitable materials for use in condensing boilers. It was also 
determined that the control system used in condensing boilers should be 
designed so that overheating does not occur in the heat exchangers. 
The spiking rig was also used to examine the durability of the heat exchanger 
material used in a Chaffoteaux Celtic condensing boiler (36). This boiler had 
a copper primary heat exchanger incorporating a silicone-aluminium coating 
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and a secondary heat exchanger, also copper, that was coated with two layers 
of alkyd varnish paint. The boiler was examined after approximately 30 
hours of operation on the spiking rig. 
The silicone-aluminium coating on the primary heat exchanger was found to 
have blistered and in several locations the coating had come away from the 
copper parent metal. The two layers of alkyd varnish paint on the secondary 
heat exchanger were found to have been resistant to the flue gas condensate 
formed during operation. This resistance was due to the continuity of the 
coating and its high thickness. From the results of the 30 hours of operation, 
it was concluded that in the short term the alkyd varnish had sufficiently 
protected the secondary heat exchanger from the effects of flue gas 
condensate corrosion. 
This study also determined that it was impossible to gauge the longer term 
protective effect of the coating based on only 30 hours of testing. It 
recommended, as a result of the test work, that organic coatings should not 
be used on secondary heat exchangers. This was due to the fact that the high 
intensity of coating required to resist the corrosion caused by flue gas 
condensate would be unlikely to be consistently reproduced on a commercial 
basis. 
In addition to the research work carried out using the spiking rig to evaluate 
the durability and performance of condensing boilers, a number of field trial 
evaluations were carried out by British Gas plc (now BG plc) (37) to (42). 
These field trials confirmed much of the knowledge gained through the use of 
the spiking rig. The use of copper and cast iron were found to be unsuitable 
for use in condensing boilers (39) as a considerable amount of aqueous 
corrosion was found on the secondary copper heat exchanger and associated 
components. Excessive oxidation, resulting from overheating that had 
occurred in the heat exchanger, as well as the formation of hydrated copper 
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sulphate was discovered on the primary heat exchanger and would lead to a 
reduction in the useful life of the boiler under evaluation. 
Further field trials (37), (38), (40), (41), (42) revealed that boiler failures due to 
overheating of the heating circuit water in the heat exchanger was a very 
serious problem. Overheating conditions (ie, insufficient flow of water in the 
heating circuit) were found to cause nucleate boiling inside the heat 
exchanger tubes. Nucleate boiling produced both severe pitting (37) and stress 
corrosion cracks, (40) which in turn contributed to the failure of the heat 
exchangers. 
Based on the outcome of these field trials it was recommended that boiler 
failures due to overheating could be reduced by: 
. Making the walls of the heat exchanger tubes thicker. 
. The use of swirl flow devices inside the heat exchanger tubes. 
. Ensuring that the design heat flux of the heat exchanger is unlikely to 
contribute towards nucleate boiling on the water-side surface. 
1.2.5.3 Computer Modelling 
In addition to the more practical performance evaluations and materials tests, 
Sections (1.2.5.1) and (1.2.5.2) respectively, a number of theoretical studies 
were carried out by British Gas plc (now BG plc) with respect to condensing 
boilers (43), (44), (46), (47), (48). These theoretical studies took the form of a 
series of computer programmes that were developed to predict the 
performance of the secondary or condensing heat exchanger of a condensing 
boiler. The first computer programme (43), (44) was written using available 
existing theory (45), in Fortran 77 on an ICL 2966 computer. 
This computer programme simulated the performance of a condensing heat 
exchanger that was made up of plain tubes. The flue gas generated by the 
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burner entered the top of the heat exchanger and, as the gases passed 
downward through the heat exchanger, both sensible and latent heat (in the 
form of condensate) was given up to the plain tubes. The cooling or return 
water entered the bottom of the heat exchanger and flowed upwards through 
the exchanger in series flow. This flow arrangement, Figure (1.12), ensured 
that there was a maximum temperature difference between the flue gas and 
the return water so that the amount of heat transferred to the heat exchanger 
was optimised. 
It is important to note that in this computer programme, the heat exchanger 
was divided into a number of segments or elements and that each of these 
elements was comprised of a horizontal row of tubes. 
The first of the two main sections of the computer programme was 
responsible for setting up the initial conditions. Typical initial conditions 
required to run the programme would include the geometry of the heat 
exchanger and the type of material used in the manufacturer of the heat 
exchanger tubes. Other initial conditions include the temperature limits on 
the flue gas and return water for a given solution as well as the volumetric 
flow rate of natural gas, the amount of excess air and the relative humidity. 
With this initial information, the second main section of the programme 
solved a series of simultaneous equations (discussed in detail in (43)). These 
equations determined the exit temperatures of both the flue gas and the return 
water, the partial pressure of the water vapour and the interface temperature of 
the condensate for the first element of the heat exchanger. These exit values 
were then equated to the entry value for the next element in the heat 
exchanger. This process continued until the exit values for the final element 
in the heat exchanger were determined. 
It should be noted that during the development of this computer programme, a 
number of simplifying assumptions were made, which are as follows: 
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(1) The model is steady 'state. 
(2) The mean flue gas and coolant temperatures within each element are 
approximated to the entry values for calculating thermodynamic 
variables and non-dimensional flow parameters. 
(3) Turbulent flow is assumed for the coolant. 
(4) Condensation occurs when the tube temperature falls below the 
dewpoint temperature of the flue gas. 
(5) Pressure drop in the flue gas is ignored. The flue gas is assumed to be at 
atmospheric pressure (101325 Pa) throughout the heat exchanger. 
(6) All heat and mass transfer is assumed to take place at the tube walls. 
(7) Conduction along the tube is ignored. 
(8) The condensate forms a layer of constant thickness on the tubes. Any 
water vapour deposited is assumed to be matched by liquid water 
falling from the tubes. 
(9) Correction factors for tube packing and row numbers are taken from 
Lascano (51). 
(10) The dynamic viscosity and thermal conductivity of flue gas are 
approximated by the properties of air. 
(11) The diffusivity of water vapour in flue gas is approximated to that of 
water vapour in air. 
(12) NGA is assumed to consist of 100% methane. 
(13) Dry air is assumed to consist of 80% nitrogen and 20% oxygen by mass. 
(14) The partial pressure of the water vapour normalised by atmospheric 
pressure is equal to the mole fraction of water vapour in the air or flue 
gas. 
The developed computer model was able to predict the performance of a 
plain tube secondary heat exchanger in both the condensing and 
non-condensing modes of operation. It should be noted, however, that 
although the model was subjected to intensive sensitivity testing to check 
both its accuracy and robustness, the model was not fully validated due to a 
lack of experimental data. 
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This initial computer programme (43), (44) was later improved through a 
further theoretical research project (46). This research work examined the 
assumptions made in the original computer model (43) and provided a 
number of new physical assumptions that were then incorporated into the 
programme. Examples of the changes made to the programme included: 
Calculation of the gas side heat transfer coefficient using the interface 
temperature between the flue gas and the tube wall instead of with the 
bulk flue gas temperature. 
The addition of laminar and transitional flow equations to calculate the 
water-side heat transfer coefficient. 
The assumption that the inner surface temperature of the tube wall and 
the thermal conductivity were both constant. 
The assumption that the heat transferred from the flue gas products to 
the heat exchanger tubes was radial and that no axial heat transfer took 
place. 
After the above changes were made to the originally developed computer 
programme (43), a series of initial validation tests were carried out. 
Experimental data was collected from a series flow type of heat exchanger 
that could be made to consist of either 2,3 or 5 rows of active (ie return water 
flowing through) tubes. Five tests were carried out in both the condensing 
and non-condensing regimes for each of the three heat exchanger 
configurations. 
When the experimental data was compared with the theoretical results 
produced by the computer programme, it was determined that the theoretical 
data compared very favourably with the experimental data (±6%). Further 
recommendations such as incorporating a question and answer format into the 
programme for data input and output as well as further validation work were 
made in order to further improve the modified programme. 
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In addition to the computer programme developed within British Gas plc 
(now BG plc) (43), (44), (46), a collaborative development of another 
computer model was undertaken with Queen Mary College, University of 
London (47), (48). This computer model was developed to predict the 
performance of a specific proprietary boiler, Figure (1.13), and was validated 
using experimental data obtained from a specially constructed test rig. 
The developed model was capable of simulating not only the convective heat 
transfer produced by the downward firing burner but also the heat transfer 
due to radiation and the condensation process that takes place in the 
secondary heat exchanger. 
In modelling the secondary heat exchanger, the computer programme was 
quite versatile and could evaluate the performance of finned or plain tubes in 
either a staggered or an in-line configuration. The programme could also 
evaluate the performance of the heat exchanger when the return water was 
flowing in either a parallel or a series flow arrangement. 
Like the programme developed by British Gas plc (now BG plc) (43), this 
computer model considered each row of heat exchanger tubes an element and 
used an interactive solution method. The input data that was required 
consisted of the temperature and flow condition of the return water, the 
relative humidity of the combustion air, the chemical composition of the fuel 
and the inlet flow rates of both the air and fuel. 
1" 
When the theoretical results obtained using classical heat transfer correlations 
were compared to the experimental data, it was found that significant 
differences existed. The model did however provide close agreement with the 
experimental data when empirical heat transfer coefficients were used. 
In 1993, the knowledge gained through the collaborative study with Queen 
Mary College (47), (48) was combined with the computer models previously 
developed by British Gas plc (43), (44), (46) to produce an enhanced version 
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of the condensing heat exchanger mathematical model (49). 
This new computer model was better than the previous programmes in that a 
variable number of tube rows and the number of tubes contained in a row 
could be used in the evaluation of a heat exchanger. This addition to the 
coding therefore allowed the end user of the programme the flexibility of 
choosing either an in-line or a staggered heat exchanger tube configuration as 
part of a condensing boiler design solution. 
Other improvements included in the computer programme were the 
re-calculation of the flue gas composition as the combustion products passed 
through the heat exchanger, and an enhanced numerical method for evaluating 
performance. An increased number of equations to evaluate the heat transfer 
coefficients on both the gas and water-sides of the heat exchanger tubes were 
also added to the programme. 
The numerical method used in this computer programme (49) was different to 
the previous program developed by both British Gas plc (now BG plc) 
(43), (44), (46) and Queen Mary College (47), (48) in that it had more discrete 
sections or elements. 
The previous- models defined a horizontal row of tubes as an element, Figure 
(1.12). The new model, however, divided each tube within the heat 
exchanger into a number of sections, Figure (1.14). For each element within a 
tube, the equations of both heat and mass transfer were solved to determine 
both the temperature rise of the return water and the temperature loss of the 
flue gas that had taken place within the element. In this manner, the 
evaluation of the changes in temperature of both the return water and flue gas 
could be carried out more accurately over the entire row. This information 
was then used as the inlet conditions for the next row of tubes in the heat 
exchanger. 
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number of elements was obtained from the Mechanical Engineering 
Department of Glasgow University where it has been successfully used for a 
number of years, (50) to (54). 
The calculation of the composition of the flue gas as it passed through a heat 
exchanger was derived from the Queen Mary College solution method. This 
involved calculating the mass flow of flue gas at each element in the heat 
exchanger based upon the removal of condensate. This method was found to 
produce a simpler calculation than evaluating the water vapour partial 
pressure at the outside tube wall/flue gas interface which was used in the 
previous British Gas computer programmes (43), (44), (46). 
With respect to the evaluation of the gas and water-side heat transfer 
coefficients, the previous computer programmes only used a single equation 
for each of the coefficients. 
The equations used in these programmes were developed by Mineur and 
Dunston (72) and Dittus-Boelter (55) for the gas and water-side heat transfer 
coefficients respectively. 
The present model contained three equations (55), (56), (57) to evaluate the 
water-side heat transfer coefficient and four equations (59), (70), (71), (72) to 
evaluate the gas-side heat transfer coefficient 
In order to evaluate. the performance of the new computer model, theoretical 
results were generated and compared with results obtained using the previous 
model (43), (44) and available experimental data (46). The theoretical data 
was then statistically analysed using Eqn (1.6) below: 
ytt(a/2)Se[(1 
+ 1/n+((x-x)2/S ))]ln (1.6) 
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where, 
s2c = SSE and SSE =E (y-y)2 Sxx =E (x-x)2 
n-2 
The'above equation was used to calculate 95% prediction intervals in order to 
provide a measure of accuracy. 
A 95% prediction interval means that if an experiment was carried out to 
verify a theoretical data point, there would be a 95% chance that the 
experimental data point would lie within the predicted interval. The accuracy 
of the theoretical results produced by the two computer models then lies in the 
absolute size of the interval predicted using Eqn (1.6), ie the smaller the 
range is the more accurate the theoretical results will be. It should be noted 
that in order for a comparison of the statistical results obtained using Eqn 
(1.6) to be valid, it must be assumed that the experimental data is normally 
distributed. 
With an accurate method of comparison available, theoretical results were 
generated using the two British Gas plc (now BG plc) computer models for 
the following four categories: 
(1) Turbulent cooling water flow, condensing flue gas regime 
(2) Turbulent cooling water flow, non-condensing flue gas regime 
(3) Laminar cooling water flow, condensing flue gas regime 
(4) Laminar cooling water flow, non-condensing flue gas regime. 
When the theoretical results for the flue gas temperature difference were 
analysed, it was determined that the new computer model produced more 
accurate results than the previous model for all of the above categories. The 
absolute sizes of the prediction intervals for the flue gas temperature 
difference were found to be 8.9%, 14.4%, 30.5% and 0.4% less (i. e. more 
accurate) using the new computer model compared to the old model for 
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categories 1 to 4 respectively. 
A similar analysis of the coolant temperature difference was also carried out. 
For categories (2) and (4), it was determined that the absolute size of the 
intervals predicted using the new computer model were 2.1 % and 1.2% 
greater (i. e. less accurate) respectively than the intervals predicted by the old 
model. 
When the theoretical results for categories (1) and (3) were compared it was 
determined that the results of the old computer model were more accurate 
than those of the new model. The absolute sizes of the prediction intervals of 
the new model were 64.8% and 80.4% greater than those of the old computer 
model for categories (1) and (3) respectively. 
The newly developed computer model (49) has shown improvements with 
respect to predicting the flue gas temperature change compared to the 
previously developed computer model (43), (44), (46). These improvements 
were achieved through the use of improved theory and a more comprehensive 
numerical solution method. This computer model has also demonstrated 
however that further development work is still required in order to accurately 
model the performance of a condensing boiler with confidence. 
1.3 Summary 
In summary, this chapter has provided background information about the 
history and development, Section (1.2.1), of condensing boilers as well as the 
general principles of operation, Section (1.2.2), and the currently available 
technology, Section (1.2.3). 
It has also been shown that although condensing boilers are more expensive to 
install compared to conventional boilers they can pay for themselves in 3.1 to 
5.7 years. This payback is achieved through reduced running costs, Section 
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(1.2.4) that result from higher operating efficiencies. 
Previous research work, Section (1.2.5), has shown that a large amount of 
work has been carried to examine the performance of and the materials used 
in condensing boilers. A number of computer models have also been 
developed in order to more fully understand the operation of condensing 
boilers. Through this examination of previous research, it has also been 
shown, through a lack of published papers, that to date no work has been 
carried out to examine methods of enhancing the performance of the 
secondary heat exchanger of a condensing boiler. 
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Figure 1.11: "Spiking" Rig Layout (33) 
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CHAPTER 2 
Literature Survey 
2.1 Introduction 
In Chapter 1, a thorough review of the history and development, general 
operating principles, present technology and economics of condensing boilers 
(Sections (1.2.1) to (1.2.4) respectively) was carried out. This review showed 
that through the use of a second heat exchanger, condensing boilers can offer 
domestic consumers of natural gas higher operating efficiencies than 
conventional boilers and attractive payback periods on investment. 
This initial literature review also examined previous research work that had 
been carried out using condensing boilers, Section (1.2.5). It showed that a 
considerable amount of research has been carried out with respect to 
performance evaluations, material testing and computer modelling but that to 
date no work has been carried out to try and improve the heat transfer 
performance of the secondary or condensing heat exchanger. 
In order to gain an understanding of heat exchanger performance, a further 
literature review was undertaken. This review concentrates on heat 
exchangers made up of plain tubes as well as phenomena commonly 
associated with the : operation of condensing heat exchangers such as vapour 
shear and inundation (58). Plain tubes were initially selected for examination 
as condensing boiler manufacturers such as ELM Leblanc (13) fabricate 
condensing heat exchangers using plain tubes. 
The literature survey was then expanded to examine enhancement methods, 
Section (2.3), and previous work carried out using finned tubes (used by 
manufacturers such as Stelrad (10) to produce heat exchangers) and a novel 
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type of heat exchanger tube called the roped or spirally indented tube 
(Sections (2.5) and (2.4) respectively). Papers covering the mathematical 
modelling of heat exchangers have also been examined to provide assistance 
in an attempt to model the performance of a secondary heat exchanger in a 
condensing boiler (Chapter 3). 
2.2 Plain Tubes 
2.2.1 Vapour Shear 
In order to examine the effect that increased vapour velocity or vapour shear 
has upon plain tubes, this section has been split into two distinct parts. This 
was necessary as condensing boilers are capable of operating in both the 
non-condensing, Section (2.2.1.1), and the condensing, Section (2.2.1.2), 
regimes depending on the temperature of the return water entering the 
secondary heat exchanger. 
2.2.1.1 Non-Condensing Regime 
Colborn (59) was the first researcher to develop an equation for 
non-condensing forced convection. It, Eqn (2.1), was derived using previous 
experimental data, (60) - (66), and can be used for a bank of staggered tubes 
with a Reynolds Number (Re) between 2000 and 32000: 
Nu=0.33 Re0.6 Pr 1/3 (2.1) 
Hilpert (67) later used Colborn's equation together with experimental data 
recorded for gases flowing past a single tube to develop a new equation. This 
however was different from Colborn's equation in that it contained empirical 
constants, C and n, related to the Reynolds Number and has the form: 
Nu = C(Re)"Pru3 (2.2) 
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Grimison (68), (69) later extended Hilpert's (67) analysis of single tubes by 
developing constants that could be used with Eqn (2.2) to calculate the Nusselt 
Number (Nu) for either staggered or in-line bundles that contain more than 10 
plain tubes. For a tube bundle containing less than 10 tubes the equation must 
be modified (69). 
Zukauskas (70) also developed an equation, like Grimison (67), that was 
similar to Colborn's (59) original equation, Eqn (2.1). The Zukauskas 
equation, Eqn (2.3), however was more sensitive to the effects of the Prandtl 
Number and could be used over a greater range of Reynolds Numbers. It has 
the form 
0.36 Pr 
1/4 
Nu=CRe"Pr 
Prw 
(2.3) 
and is valid over the ranges 0.7< Pr< 500 and 10< Re < 106 . These constants 
however are for use with tube bundles that contain 20 or more tubes. If a tube 
bundle consists of less than 20 tubes the equation again has to be suitably 
modified (69). It is important to note that when using Eqn (2.3), the Reynolds 
Number must be calculated using the maximum velocity in the tube bundle. 
Churchill and Bernstein (71), like Hilpert (67), carried out experiments using 
single tubes and produced a comprehensive empirical relation, Eqn (2.4). 
This can be used to calculate the Nusselt Number for a single plain tube when 
the Reynolds and . Pxandtl Numbers of the fluid flowing over the tube are 
within the following ranges, 102< Re<10' and Pr> 0.2. 
in ire sis ais 62Rer 
+ 282000) 
(2.4) Nu = 0.3 + [i+() 
0. 
Using data obtained from a comprehensive literature survey , Mineur and 
Dunstan (72) developed an equation, Eqn (2.5), that related the Nusselt 
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Number directly to the Reynolds Number for gas flow over a bundle of plain 
tubes. It should be noted that the coefficient 0.8 in Eqn (2.5) was derived by 
assuming a constant Prandtl number (Pr) of 0.7. 
Nil = 0.8AbBbRC(10+LogloRe)130 (2.5) 
Kays and London (73) also carried out an examination of previously published 
heat exchanger work and produced a series of equations, graphs and tables for 
gas flow through both the inside and the outside of a bundle of tubes. For gas 
flow normal to a staggered bundle of plain tubes, Eqn (2.6) was produced for 
Reynolds Numbers within the range 300<Re< 15,000. 
StPr2/3 = ChRe-0.4 
2.2.1.2 Condensing Regime 
(2.6) 
The first reseacher to investigate the effects of condensation on horizontal 
tubes was Nusselt (74). In a paper published in 1916, Nusselt (74) developed 
separate equations to calculate the amount of heat transferred from steam to 
both an inclined plane and a horizontal tube. In order to develop these 
equations, Nusselt (74) made a number of assumptions, principal of which 
were that the wall temperature was constant and the condensate film flow was 
laminar. 
The heat transfer coefficients developed by Nusselt (74) with the above 
assumptions and the co-ordinate systems shown in Figure (2.1) for an inclined 
plane and a plain horzontal cylinder are as follows: 
Inclined Plane h= gk3 pJ(p f_ pg)sin 
O 14 (2.7) 
µ, A(TS - Two) 
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Horizontal Tube h=0.728 gk3 P1(P1 - Pg)hfg va 
µjDo(TS - Two) 
(2.8) 
Sugawara et al (75) were the first researchers to examine the effects of vapour 
velocity on a horizontal tube operating in a filmwise condensation mode 
(Note: filmwise condensation is when condensate forms a thin film relative to 
the tube wall thickness, around the external circumferance of the tube). The 
result of this was Eqn (2.9), which could be used in conjunction with the 
Runge-Kutta numerical method to calculate the thickness of the condensate 
film at any location on the tube surface. 
2 
kr(Tg - Twos 
Se 
= 
fLgd(sin 06 )+ -Z-d(521) (2.9) µ µS 
where: 
f= A(O)Re'1 n 
and 
A(0) = 6.0222(0) - 2.1114(0)3 - 0.4053(0)5 
Using the the film thickness together with the thermal conductivity of the 
condensate, Sugawara et al (75) were able to calculate the local heat transfer 
coefficient at any location around the tube using: 
h= S (2.10) 
It should be noted that the expression A(6) was used to calculate the 
separation angle (the angle after which the interfacial shear stress was 
assummed to be zero). Using Eqn's (2.9) and (2.10), Sugawara et al (75) were 
able to successfully demonstrate that the average heat transfer coefficient of a 
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horizontal tube increases as the vapour velocity of a condensing fluid increases 
up to the separation point. 
Fuks (76) was the first to carry out experiments to determine the effect that 
vapour shear had upon a bundle of horizontal condenser tubes. Using a 
staggered tube bundle arrangement consisting of eleven 19mm copper tubes, 
Fuks (76) measured the inlet and outlet water temperatures of the odd 
numbered tubes, as steam (ranging in pressure from 0.048 to 1.066 bar) 
condensed on the tube bundle. With this information, Fuks (76) developed the 
empirical equation 
hh = 
28.3 PghNu (Nu)-° 58 
Nu $ fpf 
(2.11) 
to calculate the heat transfer coefficients of tubes in the top row of a tube 
bundle. Fuks (76) concluded that the heat transfer that took place in the tube 
bundle was directly affected by a number of factors such as temperature 
difference between the steam and the tube wall, the steam velocity and the 
amount of condensate flowing between the tubes. 
Berman and Tumanov (77) also carried out experiments using a bundle of 
plain condenser tubes. The tube bundle however was different to the one used 
by Fuks (76) in that it consisted of only four tubes in a single vertical row. 
The bottom tube in the bundle was the only 'active' (ie cooling water flowing 
through the tube) tube. All of the tubes used in the bundle were made of 
copper and had an outside diameter of 19mm. By varying both the pressure 
(0.032 to 0.48 bar) and the Reynolds number (46 <Re< 864) of the steam that 
flowed through the experimental condenser, Berman and Tumanov (77) 
developed the following empirical equation, Eqn (2.12). 
hL 
hNu =1 +9.5 * 10'3 Re FN-II (2.12) 
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Ninety-five percent of the experimental data points were found to comply with 
this equation to an accuracy of +/- 10%. 
In addition to the developement of an empirical equation, Berman and 
Tumanov (77) concluded from their experimental work that the velocity of the 
condensing fluid had a greater effect on the heat transfer coefficient than 
predicted by Nusselt (74), even at very low Reynolds numbers. The increased 
velocity of the steam used in the experiments affected the heat transfer 
coefficient by simultaneously inducing turbulent flow on the suface of the 
condensate layer and decreasing the thickness of the condensate film 
thickness. It was also concluded that the steam velocity and the temperature 
gradient were interrelated such that the heat transfer coefficient was highest 
when the temperature was high and the vapour velocity low. 
Silver (78), carried out a detailed examination of Nusselt's (74) original 
assumptions in order to gain a greater understanding of the condensation 
process and to provide an approach to a general theory for surface condensers. 
Part of Silver's (78) study focused on the effect of steam flow velocity on heat 
transfer and resulted in the development of the following correction factor. 
r2 _1+ 
3(Efn +MM)Vwh 
2g kfp K 
(2.13) 
The h term in the above equation was the Nusselt film coefficient calculated 
at zero surface shear stress. 
In order to develop a method for calculating the perfomance of industrial sized 
heat exchange equipment, Berman (79) examined the use of the Nusselt (74) 
equation for horizontal tubes, Eqn (2.8) and developed an expression to predict 
the heat transfer coefflient of a bundle of tubes (hb=hN. n 1'4 discussed in 
Section (2.2.2)). When the theoretical results obtained using these equations 
were compared to the experimentally recorded results for an industrial sized 
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heat exchanger, the equations were found to significantly underpredict the 
average heat transfer coefficient by as much as 77 %. Using previous 
experimental data, (76), (77), Berman (79) then derived the following 
expression for the heat transfer coefficient of an entire tube bundle: 
h=hrv,, fýVn OýN 
. 
07 
where: 
m/2 
f(V) =B 
V2 YfhisDo3 s 
gDoyf [_yA. tf1TJ 
and 
_ J(e) 1- (1 
e- 
e)1-m 
(2.14) 
In order to validate this equation, Berman (79) carried out a series of tests 
with an experimental condenser. This contained 72 brass tubes that were 
arranged in a staggered bundle 11 rows deep. The theoretical results generated 
with Eqn (2.14) were then compared to the experimentally recorded data and 
good agreement was found. 
Shekriladze and Gomelauri (80) carried out a theoretical analysis of the 
condensation of steam flowing over both a flat plate and a horizontal cylinder. 
In the analysis of a single horizontal cylinder, it was assumed that in 
I 
comparison to the momentum transferred by the condensing mass, the effect 
of the pressure gradient along the cylinder periphery could be neglected. 
Shekriladze and Gomelauri (80) also assumed that outside the vapour 
boundary layer, the velocity field obeyed the laws of Potential Flow around a 
cylinder, the vapour boundary layer was laminar up to the point of separation 
and that inertia forces could be neglected. Using these assumptions the heat 
transfer coefficient and the Nusselt number for a horizontal cylinder when 
gravity was absent are: 
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12 
0.9 
kgfD 
(2.15) 
Nu=0.9 pfVwDo 
In 
µf 
(2.16) 
Shekriladze and Gomelauri (80) also derived equations for the heat transfer 
coefficient and the Nusselt number when gravity was present around a 
horizontal cylinder. These are as follows: 
in In in 2 
h=0.64 
kf Pao 1+ L1+ 1.69gDo (2.17) µf [CPIITI- I OW Prhfg 
1/2-112 
12 
Nu = 0.64 
Pf VwwDo 
[i+[i+r 
1.69 
T 
(2.18) 
gDo 
][ 
Pr h 
Using Eqn (2.17), Shekriladze and Gomelauri (80) then generated theoretical 
data at various pressures for comparison with the experimental results of 
Berman and Tumanov (77). The theoretical results obtained with Eqn (2.17) 
were found to agree well with the experimental data and had an error range of 
+/-10%. 
Denny and Mills (81) developed an analytical method for evaluating local 
heat transfer coefficients for a horizontal cylinder with laminar film 
condensation affected by both vapour shear and gravity. The local heat 
transfer coefficients were calculated through the use of a reference 
temperature, T, which was used to evaluate locally variable fluid properties: 
Tr =Two+a(Tfg-Two) (2.19) 
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Denny and Mills (81) compared their results with an exact numerical solution 
that was based on a finite-difference analog that used the conservation 
equations in boundary-layer form. When the two sets of data were compared, 
it was found that, for angles up to 140° from the top of the tube, there was a 
difference of less than 2% between the theoretical predictions and the 
numerical solutions. It should be noted however that since Denny and Mills 
(81) did not develop a mean heat transfer coefficient for a horizontal tube, 
comparisons with the work of other researchers such as Shekriladze and 
Gomelauri (80) could not be made. 
In order to determine the condensing heat transfer coefficient for Freon-21, 
Gogonin and Dorokhov (82) conducted a series of single tube experiments. 
These experiments were carried out using a condenser tube made from smooth 
nickel (L=520mm, Do=17mm) and Freon-21 flowing at four different 
velocities (0.11,0.21,0.37 and 0.56 m/s). In addition to this experimental 
work, Gogonon and Dorokhov (82) also developed an equation, Eqn (2.20), 
that could be used to predict the heat transfer coefficient with existing 
boundary layer theory (83), (84). 
h 
hNu =. 
1n 19 712] (2.20) 
where 
7T1 =V and n2 = wyfhNN Pg 1s kygg 
Gogonin and Dorokhov (82) used Eqn (2.20) to calculate the heat transfer 
coefficients which were compared with both recorded experimental data as 
well as the data collected by Berman and Tumanov (77). From this data 
comparison, Gogonin and Dorokhov (82) concluded that the developed 
equation was able to produce theoretical results that satisfactorily agreed with 
the experimental data for both Freon-21 and Steam. 
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Fujii et al (85) theoretically examined the condensation process on a horizontal 
tube using two phase boundary layer equations. In the analysis, it was assumed 
that the steam flow was potential outside the vapour boundary layer. Two 
general expressions were developed by Fujii et al (85) to calculate the heat 
transfer coefficient of a horizontal tube affected by downward flowing vapour. 
The first, Eqn (2.21), could be used for calculating the combined free and 
forced convection heat transfer coefficient of a horizontal tube. The second, 
Eqn (2.22), was for calculating the forced convection heat transfer coefficient 
when very high vapour velocities were present. 
1/4 
Nu=x 1+ 0.276 Re In 
X4[ 
g Do 
][ CpAT 
Do Pr h 
where 
1/3 
7, =0.9 1+ 
1 
gILg A: 
µ1JCPpfg] 
[ 
PI 
Nu = XReln 
gDo x4 when 
V- 
< 0.276 
W 
(2.21) 
(2.22) 
Fujii et al (85) also compared theoretical results obtained using Eqn (2.21) 
with previously recorded experimental work (74), (75), (80). It was found that 
the theoretical results overpredicted all of the experimental work but the 
overall trends were similar. This result led Fujii et al (85) to conclude that the 
heat transfer coefficient increases as the vapour velocity increases and that 
approximately 80% of the condensation that takes place on a horizontal tube 
happens on the upper half of the tube. 
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By examining past experimental data (77), Berman (86) developed a ratio to 
calculate the heat transfer coefficient of a horizontal tube affected by moving 
steam compared to a tube affected by stationary steam. The developed ratio, 
Eqn (2.23), contained an term that was evaluated using the physical 
properties of steam and a constant (a) that varied with the value of the n term. 
h=1.28+alogn 
hNu (2.23) 
where a=0.12 when 0.01 <_7t: 5 1.0 and a=0.21 when 1.05n<_ 15.0 
Berman (86) found that all of the experimental data was scattered within 
+/- 10% of the theoretical curve generated using Eqn (2.23). 
In 1973, Shekriladze and Zhorzholiani (87) studied the effect of moving 
vapour on the heat transfer coefficient of a horizontal cylinder using the 
assumptions of both Shekriladze and Gomelauri (80) and Denny and Mills 
(81). The analysis carried out by Shekriladze and Zhorzholiani (87) however 
was different in that the circumferance of the horizontal tube was subdivided 
into a large number of flat plates and the heat transfer coefficients calculated 
using Eqn (2.24). 
1kk 
p Vw sin O 4gL 
a=1+ fi + (2.24) 4ý N, Vwsin 0 
where Nl = 
SOT 
The numerical results obtained were then compared with theoretical results 
obtained using Eqn (2.18) and previous experimental data (77), (82). There 
was very good agreement between the flat plate analysis method, Eqn (2.24), 
and Eqn (2.18) to within +/-10%. 
Ferreira (88) carried out a numerical study to determine the effects that 
non-condensable gases, gravitational field and superheat had on the forced 
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convection condensation of vapour flowing normal to an isothermal circular 
cylinder. Ferreira (88) approximated the two phase flow process around an 
infinite circular cylinder through the use of the continuity, momentum and 
energy equations for the condensate film. The vapour layer was similarly 
approximated using the above equations with the addition of an equation for 
the concentration of non-condensible gas. Ferriera (88) developed a series of 
continuity equations for both the condensation of a pure vapour and 
condensation of a vapour in the presence of an inert gas. By assuming that the 
heat transfer downstream of the separation point around the tube was zero and 
that potential flow conditions prevailed outside the vapour boundary layer, 
Ferriera (88) carried out a number of numerical simulations using the 
developed equations, the physical properties of steam and air and a Reynolds 
number of 1000. Through comparing the amount of heat transferred to a 
cylinder from steam when an inert gas (air) was both absent and present in 
concentrations ranging from 0.5% to 5%, Ferriera (88) determined that for a 
thermal driving force of 310K , the heat transferred 
by the steam was reduced 
by greater than 20%, when an inert gas was present. Ferriera (88) also 
determined that the heat flux ratio, calculated when gravity is both present and 
absent, changes considerably with decreasing Froude Number (Fr) and angular 
position around the tube. With respect to the effects of vapour superheat on the 
heat flux ratio (calculated with pure vapour and an inert gas concentration of 
2%), Ferriera (88) found that superheats ranging from 310.7 to 477.4K failed 
to increment the heat flux ratio in an appreciable way. 
Nicol and Wallace (89) examined the effects that steam flowing in both the 
upward and downward directions had on a single condenser tube. Using 
existing boundary layer theory (90), Nicol and Wallace (89) calculated the 
vapour shear stress (i) acting on the condensate film layer present on the tube 
surface, Eqn (2.25). 
pgi2Re'tnA(e) (TS)e =1 j -2 (2.25) 
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where 
A(0) = 6.973(0) - 2.732(0)3 + 0.29(0)5 - 0.018 (0)7 + 0.000043(0)9 
The separation angle in the above equation was determined using the first five 
terms of a Blasius power series. With the shear stress and the separation angle 
(predicted to be 0= 108.8°) the local film thicknesses and heat transfer 
coefficients were then calculated by Nicol and Wallace (89) using the same 
method as Sugawara (75). 
After calculating the heat transfer coefficients theoretically, Nicol and Wallace 
(89) then carried out a number of experiments to obtain data for comparison 
purposes. These experiments were carried out using a single aluminium brass 
tube. The heat transfer was calculated from the temperature rise of the cooling 
water flowing through the tube. It was determined that the heat transfer 
coefficients increased as the vapour velocity increased. The theoretical 
predictions were found to overpredict the experimental work by as much as 
100% for both upflow and downflow cases. Nicol and Wallace (89) 
subsequently altered the theoretical model using the shear stress distribution of 
Meksyn (91), which predicted the vapour boundary layer separation at 95° 
from the stagnation point. Meksyn's (91) shear stress distribution was used as 
the experiments showed a thickening of the condensate film due to separation 
of the boundary layer at approximately 95° from the stagnation point in the 
high velocity downflow case. The altered theoretical model produced results 
that were marginally better than the original model but overpredictions of up 
to 80% compared to the experimental data were noted. 
In order to develop a more practical method of calculating the mean heat 
transfer coefficient of a steam condenser unit, Sklover and Grigor'ev (92) 
examined previously published correlations (93), (94) that were commonly 
used with industrial condensers. Sklover and Grigor'ev (92) then developed a 
new equation, Eqn (2.26), to calculate the heat transfer coefficient. This 
55 
equation took the form 
h,, 1/3 
(5)0.15 (2.26) =19i 0.1Nu-0.51 + 2] hNu 
[L 
and contained factors for steam velocity, the geometry of the tube bank and the 
redistribution of the temperature head in a multipass condenser. 
Sklover and Grigor'ev (92) also compared the results obtained with Eqn (2.26), 
with previous correlations (93) and (94), and experimental data obtained from 
tests carried out on industrial sized condensers (95). In the ten comparisons, 
the results calculated using Eqn (2.26) were found to agree more closely with 
the experimental data than the results obtained using the previously published 
work (93), (94). 
In 1976, Gogonin and Dorokhov (96) extended earlier condensation work by 
conducting experiments that involved the use of four distinct horizontal tubes 
together with Freon-21 flowing at four different velocities. Through the use of 
different tube diameters (2.5mm to 17mm), vapour velocities (1.3m/s to 8m/s), 
and materials (nickel and titanium), Gogonin and Dorokhov (96) were able to 
collect a wide range of experimental data. The collected data was then 
correlated and plotted against theoretical results obtained using equations 
developed by Nusselt (74), Eqn (2.8), Shekriladze and Gomelauri (80), Eqn 
(2.17) and Fujii et al (85), Eqn's (2.21) and (2.22). As the vapour velocity 
increased the experimental data was found to agree well with the theoretical 
data calculated using Eqn (2.17). The experimental data was overpredicted 
using Eqn's (2.21) and (2.22) and underpredicted by Eqn (2.8). Gogonin and 
Dorokhov (96) surmised that the differences between the experimental data 
and the theoretical results obtained using the equations developed by Nusselt 
(74) and Fujii et al (85) could be explained by the effects of surface tension 
on the condensate film. 
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Shekriladze (97) derived a correction factor that used the asymptotic friction 
law for uniform suction of a boundary layer in situations when low 
condensation rates were present on the surface of a horizontal tube. This 
correction factor, Eqn (2.27), was combined with earlier work (80), to 
produce a new equation (Eqn (2.28) that could be used to calculate the heat 
transfer coefficient for a single horizontal tube. 
M_ P. htf 
tin 
1V4 Psµs. J (2.27) 
where N= 
kLT 
Lgµg 
]1/2]h/2 
h=0.64 f [1+ 
ire ] 
[1+[1+ 
1.69Dog (2.28) 
µf 
M 
IIIV(1+ 
4/3 
Gaddis (98) carried out a two-phase boundary layer analysis of condensation 
occurring on a horizontal tube that was similar to the analysis of Ferreira (88) 
but more comprehensive. Like Ferriera (88), Gaddis (98) developed a 
numerical solution method based on the equations of mass, momentum and 
energy for both the liquid and the vapour layer around the circumference of a 
tube. Gaddis (98) however included terms to account for the effects of inertia 
and convection in the momentum equation in the liquid (or condensate) layer. 
With the developed, computation procedure, Gaddis (98) obtained numerical 
results in the form of average Nusselt numbers for a whole tube using steam 
(at 0.1,1.0 and 10 atmospheres), a liquid metal and a viscous fluid as the 
condensing fluids. At very low Reynolds numbers, the condensate layer was 
found to be dominated by gravity, while at high Reynolds numbers the 
condensate layer was controlled by vapour shear. An intermediate region was 
also identified where both the gravitational and vapour shear forces influence 
the condensate layer. Gaddis (98) also examined the boundary separation of 
the condensate layer from a horizontal tube. Using numerical data for steam at 
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1 atmoshere with three different Reynolds numbers Gaddis (98) determined 
that at Re=102, no separation of the condensate layer occurred but that there 
was a flow reversal in the vapour boundary layer at a dimensionless distance 
along the liquid-vapour interface of approximately 2.4. At Re=103, the vapour 
at the edge of the condensate layer interface moved in the opposite direction to 
the condensate flow. At a dimensionless distance of approximately 2.2 and 
Re=105 the condensate layer was found to separate from the tube. Also under 
these conditions, an abrupt thickening of the condensate film occured due to 
reversed flow contained within the condensate layer. 
In order to obtain further data regarding the condensation of steam on a single 
horizontal plain tube, Fujii et al (99) carried out a series of experiments. These 
tests were carried out using two horizontally mounted tubes and a condenser 
unit that was 500 mm wide. Through the use of acrylic blocks, fitted to the 
inside walls of the condenser, the width of the flow path through the 
condenser was altered in order to vary the steam velocity from 0.6m/s to 
80m/s. Fujii et al (99) developed the expression 
Nu 
= 0.96 kA 7, V2 
1/5 
° (2.29) 
Re -erp 
that could be used in condensation applications where the tube wall 
temperature was uniformly distributed. During the experiments, four distinct 
types of condensation were observed on the tube surface. These were (i) film 
condensation (ii) dropwise condensation (iii) wrinkled film condensation and 
(iv) combined film and wrinkled film condensation. The appearance of the 
various types of condensation on the surface of the tube was found to be 
independent of the steam velocity. 
In 1979, Berman (100) reviewed previous experimental work in order to 
thoroughly examine the influence that vapour velocity had on horizontal tubes 
when filmwise condensation was present on the tube surface. The results of 
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this study enabled Berman (100) to refine a previous equation developed in 
1973 (86). The new equation, Eqn (2.30), had the same general form but will 
h 
=a+blogit1 hNu 
(2.30) 
have different constants depending on the pressure of the condensing fluid. 
Typical examples of the refined constants are a=1.28, b=0.12 (when 
0.01 < it 1 <_ 1.0) and b= 0.21 when 1.0 <_ n1 <_ 15.0 for steam pressures 
between 3.2 to 8.6 kPa and a=1.45, b= 0.12 (when 0.01 S it 1 <_ 1.0) and b=0.28 
when 1.0 <_ n, <_ 20.0. for Freon-21 at a vapour pressure of 0.52 MPa. 
Kutateladze et al (101), like Fuks (76), carried out tests to examine the effect 
increased vapour velocity had upon a bundle of plain tubes. Experiments were 
carried out using a single vertical row of nickel (Do=16mm) tubes in 
conjunction with movable inserts. Half tubes (no cooling water flowed through 
these) were fixed to the moveable inserts so that the performance of both 
in-line and staggered bundle configurations could be examined when Freon-21 
flowed past the tubes at three different velocities (0.57,1.1 and 2.3 m/s). The 
recorded data was compared with previous work for steam (74) and theoretical 
results obtained using Eqn (2.21) by Fujii et al (85) and good agreement was 
found. Kutateladze et al (101) determined that when the temperature 
difference between the tube wall and the flowing vapour was high, the vapour 
velocity had less of an effect on the heat transfer coefficient than when the 
temperature difference was low. It was also found that the channel geometry of 
the tube bundle in the experiments (ie staggered or in-line tube arrangement) 
had virtually no influence on the heat transfer coefficient. Most importantly 
however, Kutataladze et al (101) determined that at high vapour velocities, 
each tube in the tube bundle could be regarded independently and the heat 
transfer coeffient could be calculated individually using single tube equations 
that accounted for the effects of vapour velocity. 
Honda et al (102) developed a thermal resistance network model that could 
analyse the heat transferred from a condensing vapour to a single horizontal 
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tube. The model assumed that both the condensate film on the tube surface and 
the vapour boundary layer were laminar and that the velocity distribution 
around the horizontal tube could be calculated using 
Ve =y 03 
w 
=1.7626 - 0.314 -0.03380' (2.31) 
A thermal resistance network was then set up and equations were derived for 
the interfacial shear stress, the condensate film thickness and the conduction 
within the tube wall. With these " resistances", the dimensions and material of 
the tube, the temperatures and velocities of the vapour and coolant it was then 
possible to numerically determine firstly the heat flux densities and secondly 
the heat transfer rate for the tube. 
Honda et al (102) tested the developed solution method by comparing 
theoretical data with experimental results for steam (99), (124) and the 
refrigerant R-113 (102). The theoretical heat transfer results of the network 
model were found to be within -3% to +9% and -3% to +6% of the 
experimental results for steam and R-1 13 respectively when Reg S 3x104 . 
When the vapour Reynolds number was increased (3x104 < Reg S 105) the 
results of the network model underpredicted the experimental results by 
approximately 20%. 
In an analysis similar to that of Shekriladze and Gomelauri (80), Lee and Rose 
(103) derived two equations for use when no condensate separation occurred 
on a single horizontal tube and there was a uniform heat flux . The first 
equation, Eqn (2.32), was for use when the effects of gravity could be 
neglected while the second equation, Eqn (2.33), included the effects of 
gravity. 
Nu 
_ 0.77 Re 
Nu 
= 0.544[1 +[1 + 1.63j4/3 ]1/2 
11/2 
Re J 
(2.32) 
(2.33) 
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D1 
where J= ghfg 
p y3 /q 
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To obtain information about the effect high velocity had on refrigerants 
condensing on a single horizontal tube, Lee et al (104) carried out experiments 
using the refrigerant R-113 and ethanediol (ethylene glycol). The experimental 
results for the refrigerant R-113 were compared with theoretical results 
obtained using equations, Eqns (2.8), (2.21) and (2.29) as well as previous 
experimental data (102). At high F values (i. e. low vapour velocities) the 
experimental results were found to agree closely with both the previous theory 
and experimental results. However at high vapour velocities (low values of F), 
the experimental data showed a greater increase in the heat transfer coefficient 
than predicted by the theory (74), (85), (99). The comparison also showed a 
dependence on the tube diameter with respect to the heat transfer coefficient 
again not predicted by the theory of Fujii et al (85), (99). Lee et al (104) 
believed that the differences between the recorded experimental data and the 
theoretical results of the theoretical equations developd by Fujii et al (85), (99) 
and Nusselt (74) could have been caused by the onset of turbulence in the 
condensate film when high vapour velocities were used. 
The recorded experimental data for ethanediol was found to be inconsistent 
with the results obtained using the theory of Fujii et al (85), (99) and Nusselt 
(74). Lee et al (104) believed the differences between the experimental and 
the theoretical res{ilts were caused by both the onset of turbulence and the 
relatively strong temperature variation around the tube. This difference 
between the recorded data and the theoretical results was later examined in 
greater detail later by Rahbar and Rose (105). Rahbar and Rose (105) 
concluded that the differences between the results were not only caused by the 
onset of turbulence in the condensate and the temperature variation around the 
tube but also by the significant pressure drop over the forward part of the tube 
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at high vapour velocity and the effect of interphase mass transfer resistance at 
low pressures (0.2 to 0.3 kPa). 
After examining previous literature, (98), (99), Honda and Fujii (106) 
developed an iterative numerical method to calculate the heat transferred from 
a condensing vapour to the cooling water flowing inside a horizontal tube 
when laminar film condensation was present on the outside surface of the 
tube. The solution method incorporated two-phase boundary layer equations, a 
conduction equation for heat transfer within the tube wall and consisted of 
three main steps. The first step was to assume an appropriate value for the 
outside tube wall temperature (T,, 0) and then solve the simultaneous ordinary 
differential equations, Eqn (2.34) and Eqn (2.35). Step two involved solving 
Eqn (2.36) using the liquid film thickness term ( S) obtained in step one and 
the boundary conditions outlined in Egn's (2.37) and (2.38). 
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(2.34) 
(2.35) 
(2.3 6) 
(2.37) 
(2.38) 
The final step in the solution method (step 3) was to return to step (1) with the 
value of T, 0 obtained in step (2) and repeat the process until the values of TH, 0 
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and q Wo converged to conform to a pre-set convergence criteria.. 
Honda and Fujii (106) used this iterative method to generate theoretical results 
which were then compared with experimental data (99), (102), (124). The 
comparison of the results for the tube wall was found to be good. Honda and 
Fujii (106) concluded that the analysis method was satisfactory for predicting 
condensation characteristics for steam and refrigerants, assuming that the 
smooth liquid film assumption was valid. It was also concluded that the local 
and average heat transfer values were considerably affected by the velocity of 
the oncoming vapour, the velocity distribution around the tube, the physical 
properties of both the liquid and the tube and the overall temperature 
difference. 
In order to determine what effect pressure had on the heat transfer of a 
horizontal tube, Rose (107) included a new dimensionless pressure gradient 
parameter (P) in the momentum balance for condensate film. With this 
dimensionless parameter and the assumptions that the vapour flowed vertically 
downward, that potential flow occurred outside the vapour boundary layer and 
that the infinite suction (asymptotic) was used for surface shear stress, Rose 
(107) examined three distinct pressure cases. In the first case, Rose (107) 
neglected the pressure gradient and developed an equation, Eqn (2.39), using 
an analysis that was similar to that of Shekriladze and Gomelauri (80). As Eqn 
(2.39) was derived using the asymtotic shear stress expression, the correction 
factor developed by Fujii et al (85) was applied to the equation in order to 
derive a more refined version, Eqn (2.40). 
Nu 
_ 
0.9 + 0.728F"2 (2.39) 
Re (1+3.44FIR+F)1/4 
Nu 
_ 
0.9(1 +G'')1/3 +0.728F'n 
Re (1 +3.44F1 +F)"4 
(2.40) 
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For O<P<F/8 (Case 2) Rose (107) found that the condensate film was thinner 
for the uppper portion of the tube and thicker on the lower portion. When P 
was close to F/8 and F>1 the Nusselt number for the whole tube was found to 
be only 1% different from the Nusselt number calculated when P=O. Based on 
these findings Rose concluded that for this case (O<P<F/8) it was practical to 
use Eqn (2.39) or Eqn (2.40) to solve for the Nusselt number. For P>F/8 
(Case 3) Rose (107) determined that the rate of increase of the condensate film 
thickness became infinite at the position 4, (determined using Eqn (2.41)) on 
(1 +21.5AcP1"os) 2.41 ýý = arccos - (1+21.5P'-05) 
() 
where 6c = F/8P 
the lower portion of the tube surface and that a solution was not possible for 
the whole tube. As a solution for the whole tube was not possible, Rose (107) 
neglected the heat transfer on the lower half of the tube and developed an 
equation that would provide a conservative estimate of the Nusselt number for 
the whole tube, Eqn (2.42). This equation accounts for the effects of the 
Nu 0.64(1+1.8 lp)0209(1 + G'1)' + 0.728F1n 
- (2.42) Re (1 +3.51F0.53 +F)1/4 
pressure gradient, shear stress, gravity and contains the correction factor for 
the shear stress approximation devised by Fujii et al (85). Rose (107) 
compared the results obtained using this equation with other published 
theoretical (85), and experimental results (85), (99), (124), (125), and found 
good agreement. Based on these findings Rose (107) concluded that the 
pressure term gives rise to an increase in the heat transfer coefficient over the 
top portion of the tube and that the effect is stronger for high values of P. It 
was also concluded that the pressure term leads to instability of the 
condensate film on the lower portion of the tube (below 4'). This instability of 
the condensate film, which can take the form of waviness or turbulence or 
even removal of condensate from the tube surface, can lead to increased heat 
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transfer coefficients compared to values calculated when laminar flow is 
present on the tube surface and the pressure gradient term is neglected. 
Honda et al (108) extended earlier work (102) by conducting experiments to 
examine the effect of high vapour velocity on condensation. Experiments were 
carried using two single copper tubes (Do=8mm and 19mm respectively) and 
a test condenser that contained a pair of removable plates which were used to 
alter the velocity of the condensing fluid, the refrigerant R- 113. The vapour 
velocity of the R-113 used in the tests ranged from 0.36 to 15.6m/s and 0.34 to 
8.5m/s for the 8mm and 19mm copper tubes respectively. 
In addition to the above experimental work, Honda et al (108) also derived two 
equations to calculate the average heat transfer of the horizontal tubes. These 
equations (Eqn (2.43) and Eqn (2.44)) were based on numerical work by 
Honda et al (102) and Honda and Fujii (106) which were derived using both 
the Roshko (109) and potential flow distributions respectively. 
Nui 114 
= 0.728A oa 
(1 
+X1 + 0.57X) (2.43) 
ReL 
Nu iia 
= 0.725Aoa(1 +2.38Xl) (2.44) ReL 
The agreement between the experimental and theoretical results obtained 
using Eqn (2.43) was found to be fairly good for high A values (ie low on 
coming vapour velocity uc ). The experimental data however showed a 
stronger rate of increase of Nu/ ReL with VW, than indicated by theory at high 
V, r values. 
Memory and Rose (110), like Honda et al (108) examined the effect that high 
vapour velocity had on the heat transferred by a single horizontal tube. The 
experiments were carried out using a copper tube (Do=12.5mm) and ethylene 
glycol that flowed vertically down past the the tube with velocities that ranged 
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from 1.2m/s to 138.9ni/s. The collected experimental data was then compared 
with theoretical results obtained using Egn's (2.8), (2.39) and (2.40). The 
outcome of this comparison was similar to that of Honda et al (108) in that at 
low velocity the agreement between the experimental data and the laminar 
boundary layer theory (80), (85), used to develop Eqn's (2.39) and (2.40), was 
very good. Also, like Honda et al (108), the theoretical and experimental 
results diverged at higher vapour velocities. Memory and Rose (110) believed 
that the difference between the experimental and theoretical results at high 
vapour velocity was due to the effects of both the pressure variation around the 
tube (which would lead to a drop in the condensate surface temperature) and 
the interface mass-transfer resistance. To correct for these effects, Memory 
and Rose (110) developed equations to approximate the effect of pressure 
variation and interface mass-transfer resistance, Eqn's (2.45) and (2.46) 
respectively. 
API = al(PgVw/2) 
OP2 = a2 
9(Y1+1) RTg(Pw-AP1) 
4hts(Yi-1) 
where a, =1 and a2=1.5 
(2.45) 
(2.46) 
These equations were in turn used to correct the temperature drop across the 
condensate film by evaluating the vapour saturation pressure as 
P, y - AP I- iP2 instead of at P. These corrections had the effect of bringing 
the theoretical results in line with the experimental data for high vapour 
velocity conditions. 
Michael et al (111) carried out tests in order to examine the effect that high 
velocity steam had on the heat transfer performance of a horizontal copper 
tube (Do=14mm). The steam velocity used in the experiments ranged from 5 
to 81 m/s but the pressure and temperature was maintained at 8 Bar and 448 K 
respectively. The collected test data was compared to and found to agree with 
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previously recorded experimental results (102), (103), (105), (110). Michael et 
al (111) also compared the experimental results with theoretical data obtained 
with the 'conjugate' heat transfer analysis method of Honda and Fujii (106). 
From this comparison, Michael et al (111) found that the experimental data 
could be predicted theoretically to within +/-18% down to a value of F of 
approximately 0.014 (vapour velocities up to 30 m/s). For steam velocities in 
excess of 30m/s, the steam side heat transfer coefficient increased at a rate 
faster than the square root of the vapour velocity and that this result could have 
been caused by the onset of turbulence in the condensate film. 
Uehara and Dilao (112) carried out a computational analysis to examine the 
overall heat transfer coefficient (O. H. T. C) of horizontal plain tubes. This 
analysis was carried out using the Colborn (59) equation to calculate the inside 
heat transfer coefficient of a plain tube and Egn's (2.21) and (2.39) and (2.47) 
in 
Fifa 
(5 NU- [1_o. 271/2 
J Re (SF) +1 
(2.47) 
by Fujii et al (85), Rose (106) and Fujii (130) respectively to calculate the 
vapour-side heat transfer coefficient. In order to generate a large amount of 
data for the vapour side heat transfer coefficient, Uehara and Dilao (112) 
carried out computer simulations using a brass tube and the physical properties 
of five condensing fluids (Freon-113, Freon-114, Freon-22, NH3 , and steam) 
that flowed vetically downwards at velocities and saturation temperatures that 
ranged from 0.5 tö 50m/s and 283 to 333 K respectively. 
Uehara and Dilao (112) compared the results of their computational analysis 
with data obtained using the Nusselt (74) equation for horizontal tubes, Eqn 
(2.8), and drew a number of conclusions which were as follows: 
(1) For Freon flowing at moderate vapour velocities, the three vapour side 
heat transfer coefficient equations Eqn's (2.21), (2.39) and (2.47) used in 
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the analysis produced higher overall heat transfer coefficients than those 
obtained using the Nusselt equation, Eqn (2.8). The use of Eqn (2.21) 
produced the highest O. H. T. C values followed in order by Eqn's (2.39) 
and (2.47). 
(2) At the highest vapour velocities the mean O. H. T. C values found using 
Eqn's (2.21) and (2.39) were much greater than the results found with 
Eqn (2.47). 
(3) For steam, the three vapour side heat transfer equations produced values 
for the O. H. T. C that were higher than the results obtained with the 
Nusselt equation Eqn (2.9), which in turn were higher than data for steam 
obtained from the Heat Exchanger Institute (113). 
(4) At low vapour velocities the O. H. T. C results obtained using Eqn (2.39) 
were found to be lower than similar results obtained using the Nusselt 
equation, Eqn (2.9). 
Memory and Rose (114) extended earlier work (110) by examining the 
influence of vapour boundary layer separation on forced convection film 
condensation on a horizontal tube. Experiments were carried out using 
ethylene glycol at low pressure (1 to 15kPa), which gave vapour velocities up 
to 140m/s, and two specially manufactured tubes. 
The first of the two experimental tubes was a copper tube (Do=12.7 mm) that 
had been modified and fitted with thermocouples such that it was possible to 
take temperature measurements on the upstream half of the tube only. The 
second experimental tube was fitted with a vertical strip of copper on the 
botttom of the tube parallel to the tube axis. The Thwaites (1947) flap (115) 
was fitted to the bottom of this tube in order to suppress or delay separation. 
Memory and Rose (114) also reworked the Nusselt (74) analysis for the upper 
half of a horizontal tube, Eqn (2.48). This equation was then modified using 
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Nu"n 
= 0.866F"a (2.48) 
Re 
the asymptotic approximation for the interfacial shear stress, Eqn (2.49), and 
Nu, tn _ 
1.273 + 0.866F1n (2.49) 
Re (1 +3.51F0'53 +F)1/4 
corrected using theory developed by Fujii et al (99) in order to more accurately 
account for the effects of interfacial shear stress, Eqn (2.50). It should be noted 
Nu,, n _ 
1.273(1 +G-1)1/3 +0.866F1n 
Re (1 +3.51F0'53 +F) 
1/4 
(2.50) 
that Memory and Rose (114) also corrected Eqn (2.50) to account for the the 
effects of pressure variation in the condensate film around the tube by 
including a correction factor developed previously by Rose (107). The 
addition of this correction factor led to the development of a more refined 
version of Eqn (2.50), Eqn (2.51). 
Nu, r2 _ 
1.273(1+1.8 lp)0.209 (I + G-1) 1/3 + 0.866F' (2.51) 
Re (1+3.51F0.53+F)"4 
When the experimental data for the half tubes was compared with theoretical 
curves calculated using Eqn's (2.48) through (2.51), good agreement was 
found. This agreement between the results led Memory and Rose (114) to 
conclude that the discrepancies between experimental and theoretical results 
for a whole tube could be attributed to uncertainties (such as vapour boundary 
layer separation, turbulence and condensate film instability) relating to the 
lower half of the tube. Memory and Rose (114) also concluded that for the 
tube fitted with the Thwaites flap, visual observations suggested that vapour 
boundary-layer separation could be suppressed under conditions of strong 
suction for vapour velocities less than approximately 100m/s. It was also 
reported that the use of the Thwaites flap (115) caused no significant increase 
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in the measured heat transfer and that this could be due to the presence of 
turbulence in the condensate film beyond the point of separation. 
Sarma et al (116) theoretically examined the condensation of a pure vapour 
flowing nomal to the axis of a horizontal tube by employing the Reynolds 
analogy in a manner similar to Shekriladze and Gomelauri (80). The 
examination carried out by Sarma el al (116) employed a two region analysis 
where the distinction between the regions was demarcated by the magnitude of 
the shear induced on the interface of the condensate film due to the external 
flow of the vapour around the tube. In the region where shear affects the 
condensate film (0 <0< 00) Sarma et al (116) used equations for continuity, 
momentum, conduction through a thin walled tube and phase transformation at 
the liquid /vapour interface to derive the following governing dimensionless 
equations: 
d02 
'=M, S' - q, (2.52 
ýt sinO (2.53) Vi = 2S1Frln +i 2 1±S1 
d Vl el+! i sine _ 
2S1 
(2.54) wo- 6- Al 
In the region where no shear occurs (9a <6< n) it was assumed that the 
condensate flow was governed by the gravity and viscous forces and that the 
shear force due to external flow was negligible. With these assumptions, Eqn 
(2.52) remained unchanged but Egn's (2.53) and (2.54) changed to Eqn's (2.55) 
and (2.56) respectively. 
Vi = 
2'zsin6 
(2.55) 
[i1sinO] 
= 
Ö11 e 
(2.56) 
70 
With the above governing equations, Sarma et al (116) obtained calculated 
results for a wide range of system parameters, such as the condensate film 
thickness (A), the vapour-wall temperature potential (S) and the thermal 
conductivities ratio parameter. A regression analysis was then carried out on 
the system parameter results to develop equations to calculate the heat transfer 
coefficient of a condenser tube. For constant heat flux (Q), two separate 
equations were developed for when boundary layer separation was both absent 
and present (Eqn's (2.57) and (2.58) respectively). The heat transfer coefficient 
for a tube was then calculated using Eqn (2.59). 
Q=0.775Fro. 22S11.91 (2.57) 
Q=C. Frm. S, " (2.58) 
where: 
C=0.30+1.60[180]-1.13[180]2 
m=-0.1566++0.54[- 180] -0.168[ 18012 
n=0.56+0.65[180]-0.233[ 
0' 1i 
Nu qi (2.59) 
Gr''4 - S1 
When the heat flux around a condenser tube was variable and no boundary 
layer separation occurred Eqn (2.60) was used to calculate the heat transfer 
coefficient. 
Nu 
_ c[r =L+,, p Grva 1 2] 
I/P 
where: P=5 and C=0.91 
(2.60) 
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From this study, Sarnia et al (116) concluded that an increase in vapour flow 
lead to enhancement of the condensation heat transfer coefficient. It was also 
concluded that Eqn (2.58) could be used for design puposes in estimating 
average condensation heat transfer coefficients when the thermal load was 
prescribed and the angle of separation was fixed at 100°. Design calculations 
can also be carried out using Eqn (2.60) when the thermal potential between 
the vapour and the coolant was prescribed. 
2.2.2 Inundation 
Nusselt (74) theoretically examined the effect of condensate inundation (ie the 
build up of condensate around the lower tubes in a bundle acting as an 
insulating layer to effective heat transfer) on a bank of horizontal tubes by 
making the following assumptions: 
1) The resistance to condensation is the resistance of the condensate film to 
conduction. 
2) The temperature difference between the the vapour and the tube wall is 
constant. 
3)The condensate moves about the tube in viscous flow. 
4) The condensate descends from one tube to the tube below as a continuous 
sheet without disturbing the condensate on the tube below, Figure (2.2). 
With these assumptions and Eqn (2.9), Nusselt (74) derived an equation (Eqn 
(2.61)) to calculate the heat transfer coefficient of any horizontal tube in a 
vertical tube bundle. With Eqn (2.61), Nusselt (74) also derived the heat 
transfer coefficient for a bank of N tubes, Eqn (2.62). 
hN 
=N314-(N- 1)3/4 hi (2.61) 
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Young and Wohlenberg (117) were the first researchers to carry out 
experiments to validate Nusselt's (74) theoretical inundation work. These 
experiments were carried out using Freon-12 and a heat exchanger that could 
be fitted with a variable number of tubes (2,3,4 and 5 tubes respectively). The 
experimental tubes were copper tubes, had an outside diameter of 19mm and 
were 1040mm long. 
By comparing the experimental data with Nusselt's (74) theory, Young and 
Wohlenberg (117) determined that Eqn (2.62) correctly predicted the general 
trend of the experimental data but that the equation was conservative. Through 
observation of the experimental tube bundles it was also determined that 
Nusselt's (74) assumption that the condensate flowed between tubes in a 
continuous laminar sheet was incorrect. Young and Wohlenberg (117) 
observed that the condensate film on the lower tubes in the various bundles 
was rippled and disturbed by drops from the upper tubes. 
Short and Brown (118) confirmed Young and Wohlenbergs (117) observations 
and conclusions by carrying out similar tests using the condensing fluids 
Freon-11 and steam. The test condenser used by Short and Brown (118) 
consisted of a single vertical row of twenty one tubes. Short and Brown (118) 
observed, through the use of viewing ports, that the condensate fell from one 
tube onto another tube beneath it in the form of droplets or in individual 
streams. These flow patterns produced localised areas of the condensate film 
that had relatively high Reynolds Numbers and turbulent flow conditions. 
When these conditions were present on the tube surface, the temperature 
gradient in the condensate film was greater and the thermal resistance of the 
condensate film was lower which provided greater heat transfer. Conversely, 
when turbulent conditions were not present in the condensate film, the 
temperature gradient was lower and the thermal resistance higher. When the 
experimental data was compared with the theoretical results obtained using 
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Nusselt's (74) theory, it was found, like the results of Young and Wohlenberg 
(117), that the theoretical results closely approximated the trend of the 
experimental data but were conservative. 
In addition to developing Eqn (2.11) which could be used to determine the 
effect of vapour shear on horizontal bundles of condenser tubes, Fuks (76) also 
developed Eqn (2.63) to calculate the effect of inundation on condenser tubes. 
hN ym -O*07 (2.63) 
hNu McN 
This equation was experimentally determined through the use of a condenser 
that consisted of a staggered array of tubes that was 11 vertical rows deep. 
The condenser tubes had an outside diameter of 19mm and were 522mm long 
and mounted in alternating horizontal rows of 7 and 6 tubes. Fuks' (76) 
experiments were different to those of both Young and Wohlenberg (117) and 
Short and Brown (118) in that the condensate was recycled through the tube 
bundle through the use of a hot well and a tube in the top row that had 1.25mm 
holes, drilled at 50mm intervals, over its entire length. In this manner, 
condensate could be drained over the tube bundle at various rates in order to 
simulate the inundation effect of much larger condensers. 
Kern (119) examined Nusselt's (74) inundation work and proposed a 
correction for tube bundles that did not have purely viscous flow. Kern (119) 
proposed that the average condensate loading for a single tube in a horizontal 
row of tubes could be modified through the use of the exponent 2/3 with the 
number of tubes in order to provide a more realistic figure for condensate 
loading. Kern (119) then applied this exponent to Eqn (2.62) in order to 
develop a new equation for the average heat transfer coefficient of a tube 
bundle, Eqn (2.64). Plain tube data published much later by Brower (120) was 
found to reasonably agree with Kerns (118) recommended exponent of -1/6. 
hN = hl(N-1/4 
2/3 
= h1N-116 (2.64) 
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Chen (121) also analysed the effect of inundation in horizontal tube bundles 
by assuming that for tubes underneath the top tube, the boundary conditions 
were affected by both the momentum gain and the condensation flow between 
tubes. Chen (121) assumed that the condensate flowed in a continuous sheet 
between tubes, as Nusselt (74) did, and neglected the effects of splashing 
condensate or ripples on the surface of the condensate layer caused by vapour 
shear. Using these assumptions Chen (121) derived the theoretical 
approximation, Eqn (2.65), that could be used to calculate the heat transfer 
coefficient for either a single horizontal tube or a tube bundle: 
hN N1"4 =[I+ 0 . 2ý(N- 1)] 
1 +0.68 +0.02 4 1/4 (2.65) 
hN, oo 1+0.954 - 0.15 
The application ranges of Eqn (2.65) are: Pr<0.05 or Pr>1; ýS2; 4: 5 20 for a 
single tube and 4: 5 0.1; ý(N-1) 5 2.0 for multiple tubes. Chen (121) also 
compared theoretical results obtained with Eqn (2.65) with experimental 
results obtained by other researchers (117), (118), (184) and found satisfactory 
agreement. 
Grant and Osment (122) carried out experiments that were similar to those of 
Fuks (76). Condensate was recycled from a hot well to the tube bundle 
through the use of eleven tubes that were located above the tube bundle. These 
tubes each had a series of holes drilled in the top of the them so that the 
'condensate' flow would be evenly distributed over the tube bundle. The 
experimental bundle consisted of 139 tubes that were 19mm in outside 
diameter, 2130mm'in length and had an equilateral triangular pitch of 28mm. 
Grant and Osment (122) used this experimental facility to measure the 
temperature rise of the cooling water flowing through the tube bundle as it was 
subjected to varying rates of recycled condensate. The experimental data was 
then compared to theoretical data obtained using Egn's (2.62) and (2.63) by 
Nusselt (74) and Fuks (76) respectively. The experimental data was found to 
lie between the theoretical results produced using these equations with root 
mean square deviations as high as 29% and 35% observed between Eqn (2.63) 
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and the experimental data. Grant and Osment (122) then replotted the 
estimated heat transfer coefficients against the drainage term (EM,, IMMN) on a 
log log basis and found that the data could be fitted by an equation similar to 
Fuks' (76) but with the exponent changed to -0.223, Eqn (2.66). 
hcNc -0.223 
hý MCN 
(2.66) 
When the experimental data was compared to the theoretical results, the root 
mean deviation was reduced to between 8% and 13%. The results of this 
investigation supported the earlier work of Nusselt (74) and Kern (119) more 
than the work of Fuks (76). 
As part of a larger study on condensation in tube banks, Fujii et al (123) 
developed two theoretical equations that could be used to calculate heat 
transfer in a tube bundle. In the first of the two equations, 
/\ 
(PhN) Phi1/3NU413 
3/4 
n-1 i1 (NuN)1= ýwE; =1 Nu+PhPhn i 
1+- 
4/3 
(2.67) 
Phi (i'Nu, ) 
it was assumed that if the heat transfer rate per unit length of the first tube in 
the bundle was represented by Q, /L, then the rate of condensate could be 
given by M=Q, /LfL. When the condensate from the top tube reached the 
second tube in the bundle, a portion of the condensate would spread axially 
(M, =mM+) while another portion, (1-tn)M+ would flow to the bottom of the 
tube without affecting the thickness of the liquid film. The condensate from 
the top tube would then join with the condensate produced on the second tube, 
Q2 /Lf, , amounting to M2= (Q1 + Q2 )/ Lf,; L which would in turn fall down 
onto the third tube in the bundle. This process was assumed to continue 
through the tube bundle. 
The second of the two equations, Eqn (2.68), was derived based on the 
assumption that a fraction (1- ý) of the condensate falling from any tube 
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passed over the tube bank without affecting the condensate film thickness of 
any of the subsequent tubes. 
(PhN) Ph11/3NU413 
3/4 
- n-1 n-1 
Phi 1 
(NUN)j7= ý; 
-1 ýf 
Nu1 4/3 -1 
(2.68) 
AN 
1+ 
(r_1NuiPhi PhN) 
Fujii et al (123) compared the theoretical results obtained using the above 
equations with the experimental work of previous researchers (74), (117), 
(118), (119) and concluded that as the available experimental results disagreed 
widely that an accurate comparison with the derived theory was impossible. 
2.2.3 Vapour Shear and Inundation 
Nobbs (124) and Nobbs and Mayhew (125) performed a large number of 
experiments in an attempt to determine the effects that vapour shear and 
inundation acting both together and independently had on a tube bundle. The 
tests were carried out using copper tubes (Di=19.05mm) in both in-line and 
staggered (equilateral triangle) arrangements and steam at a pressure slightly 
above atmospheric conditions to prevent the ingress of non-condensible gases 
into the test condenser. The effects of vapour shear were simulated by 
varying the mass flow of steam flowing through the bundles from 0 to 25 kg/s. 
The inundation effects were simulated by recycling condensate from a hot well 
to the top tubes in the bundle, which had lmm holes drilled in them. The 
I 
apparatus and method used in the inundation experiments was similar to that 
used previously by both Fuks (76) and Grant and Osment (122). Through 
careful examination of the experimental results for both the in-line and the 
staggered tube bundles, Nobbs and Mayhew (124), (125) made the following 
conclusions: 
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1) Vapour velocity was found to increase the condensate heat transfer 
coefficient on both inundated and un-inundated tubes in a tube bank. This 
increase was found to improve in line with increasing heat flux. 
2) The effect of inundation generally reduced the condensate heat transfer 
coefficient. The rate of reduction in the condensate heat transfer coefficient 
was found to decrease as the steam velocity increased. 
3) The condensate drainage path through the tube bundles, particularly the 
staggered tube bundle, was often found to be diagonal instead of horizontal. 
This, phenomenum led to some of the tubes in the bundle receiving more 
condensate than other tubes. 
McNaught (126) developed two equations for evaluating the two phase forced 
convection heat transfer coefficient of a tube bundle affected by both vapour 
shear and inundation. The derivation of the first equation was based on Eqn 
(2.69) which represented the heat transfer coefficient (hCN) on the k-th row of a 
tube bundle (127), (128). 
ha = hFi (2.69) 
where 
zmc + McN -0.223 
McN 
J" 
This equation was then used together with an inundation term (-1/6 or 
-0.223) developed by Kern (119) and Grant and Osment (122) respectively, 
and Eqn (2.17) by Shekriladze and Gomelauri (80) to develop Eqn (2.70). 
SH SH + 
(1/4h4 
+hý, 
) In in ZMM M`N ly (2.70) ahTP = 1/2h2 MN 
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This equation predicted the two-phase heat transfer coefficient for a tube 
bundle by taking account of both the shear and gravity controlled conditions 
present on the surface of the tubes in the bundle. It should be noted that in this 
equation, Eqn (2.70), the term for gravity controlled conditions (her) was 
evaluated using the Nusselt (74) equation, Eqn (2.8). In the second of the two 
equations Eqn (2.71), 
Ili 
hTp = 
(hH+hr) 
where i=2 
(2.71) 
the shear-controlled coefficient (hSH ) was evaluated using Eqn (2.72) which 
contained the Lockhart-Martinelli parameter for turbulent flow. 
hsH =1.26h 
Xa 
0.78 
(2.72) 
The gravity controlled coefficient was calculated using Eqn (2.73). 
We + McN -0.223 hr, ý = hNu (2.73) McN 
McNaught (126) used the developed equations (Eqn (2.70) and (2.71)) to 
generate theoretical data which was then compared to the experimental data of 
Nobbs (124). McNaught (126) found reasonable agreement between the 
theoretical and the experimental data, but suggested that there was a 
requirement for further two-phase forced convection data from tube bundles 
with different fluids over a range of pressures. 
Cavallini et al (129) carried out vapour shear and inundation experiments 
using the condensing fluid R-11 and a tube bundle that contained 38 Muntz 
metal tubes (Do=10mm) that were mounted in alternate rows of one and two 
tubes. Within this tube bundle the velocity of the condensing fluid (R-11) was 
varied from 0.1 to 8.8m/s. Cavallini et al (129) compared the experimental 
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data recorded using these velocities with theoretical results obtained using 
Eqn's (2.17) and (2.21) as well as Eqn (2.74), which had been developed by 
Nu 1 Re"° 5=0.96F°"2 (2.74) 
where 0.03<F<600 
Fujii (130) as part of a review of published vapour shear and inundation work. 
The outcome of the comparison was similar to the results of work carried out 
by other researchers (104), (105) with refrigerants in that there was good 
agreement for low vapour velocities but poor agreement at the higher vapour 
velocities. Cavallini et al (129) also combined Eqn (2.69) together with Eqn 
(2.17) and an inundation term of y= -0.16 in order to calculate a Nusselt 
number for the entire tube bundle affected by both vapour shear and 
inundation. By comparing the calculated Nusselt numbers with the 
experimental data Cavallini et al (129) found that there was good agreement 
for low Nusselt numbers but poor agreement for higher Nusselt numbers. The 
relative discrepancy between the the experimental and the theoretical Nusselt 
numbers ranged from -4.2% to +22%. 
Michael et al (131) recently carried out experiments to examine forced 
convection condensation of steam on a small tube bundle that was 10 rows 
deep. The tubes used in the experiments were nickel plated to reduce the 
possibility of dropwise condensation, had an outside diameter of 14mm and 
were arranged in at staggered configuration with alternate rows of three and 
four tubes such that there was an equilateral triangular pitch of 20mm. The 
steam used in the tests was supplied at slightly above atmospheric conditions 
with superheats that ranged between 20K to 50K and velocities between 6 and 
23 m/s. When the recorded experimental data was compared to previous 
experimental results (124), (132) and theoretical results obtained using Eqn 
(2.39) good agreement was found. The experimental data of Michael et al 
(131) was generally higher than that of Nobbs (124) but agreed well with the 
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theoretical results generated with Eqn (2.39) at the lower steam velocities. 
From this study, Michael et al (131) concluded that the vapour-side heat 
transfer coefficient decreased with penetration down the tube bank and that 
this could be attributed to both the drop off of the vapour shear effect and the 
build up of condensate inundation. These results are generally in agreement 
with previously reported experimental work (124), (132). It was also 
concluded that since the experimental data could be reasonably well predicted 
(at low steam velocities) through the use of Eqn (2.39), which does not 
account for inundation, the effects of inundation were relatively small. 
2.3 Enhancement Methods 
The preceding sections of this chapter have shown that a large amount of 
research work has been carried out in order to understand the behaviour of 
and improve the performance of plain tube heat exchangers. However, the 
need for modern industry to use available resources in the most efficient and 
cost effective manner has acted as a catalyst for the development of new 
methods of improving the heat transfer that takes place in heat exchangers. 
2.3.1 Review of Available Enhancement Methods 
A review of available literature about improved heat exchangers performance 
(58), (133), (134), (135), has shown that there are three main catagories of 
enhancement methods, which are a) passive methods, b) active methods and c) 
compound methods. 
a) Passive Methods 
Passive methods of improving heat transfer are as follows: 
" Treated Surfaces 
" Rough Surfaces 
" Extended Surfaces 
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. Displaced Enhancement* Devices 
. Swirl-Flow Devices 
. Surface Tension 
Devices 
. Additives for Liquids 
. Additives for Gases 
b) Active Methods 
Active methods of enhanced heat transfer include: 
" Mechanical Aides 
" Surface Vibration 
" Fluid Vibration 
" Electrostatic Fields 
" Injection 
" Suction 
c) Compound Methods 
Compound methods of enhanced heat transfer involve the simultaneous use of 
two or more of the previously mentioned passive or active methods. 
2.3.2 Method of Roped Tube Enhancement 
In Section (2.3.1) it was shown that there are a number of enhancement 
methods available to improve the performance of a heat exchanger. Of the 
techniques mentioned in this section, one of the most promising methods for 
condensing heat exchanger applications is the use of the roped or spirally 
indented tube. Roped tubes, a form of rough surface, are manufactured by 
mechanically indenting a series of helical grooves on the outside surface of an 
originally plain tube, Figure (2.3). It should be noted that by varying the 
number of grooves, the depth of the grooves (t), the helix angle (OH), or the 
groove pitch (Pi), Figure (2.4), it is possible to produce a large variety of roped 
tube types which can be matched to specific heat exchanger applications. 
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The use of these mechanically indented grooves provide passive enhancement 
on both the inside and the outside surfaces of a tube. Enhancement on the 
outside of the tube is provided by reducing the thickness of the condensate 
layer (which acts as a resistance to heat transfer) present on the tube surface. 
The condensate layer is thinned by a surface tension force which is created by 
localised pressure differences between the condensing vapour and the-liquid 
condensate. This surface tension force pulls the condensate from the crest (or 
convex section) of the groove into the trough (or concave section) of the 
groove, Figure (2.5). The condensate then flows down the concave sections of 
the tube, which serve as drainage channels. The use of surface tension forces 
to improve heat transfer was initially proposed by Gregorig (136) who 
showed, through a balance of both the viscous and surface tension forces, that 
the heat transfer coefficient was greater for grooved tubes than plain tubes, 
Sections (2.41) to (2.4.3). 
On the inside surface of a roped tube, the heat transfer is enhanced by the 
promotion of turbulence. The grooves promote turbulence by breaking up the 
laminar sub-layer created on the inner circumference of the tube, which in turn 
increases the convective heat transfer present inside the tube, Section (2.4.4). 
2.3.3 Method of Finned Tube Enhancement 
One of the most practical methods of heat transfer enhancement in small scale 
heat exchanger applications has been the use of extended surfaces. Extended 
surfaces can improve the gas-side heat transfer coefficient (which is typically 
5-20% of the water-side heat transfer coefficient (58)) by providing a large 
surface area for heat transfer. Plain circular finned tubes as well as plate-fin 
and tube type heat exchangers are the most common methods of extending the 
heat transfer surface area in condensing boilers, Figure (2.6). A variety of 
other types of enhanced finned tubes exist, and have been used in a number of 
applications such as air-conditioning and automobile radiators, but due to their 
geometry are beyond the scope of this thesis, Section (2.7). 
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2.4 Roped Tubes 
2.4.1 Vapour Shear 
2.4.1.1 Non-Condensing Regime 
The literature survey did not locate any published papers involving the use of 
roped or spirally indented tubes in a non-condensing environment. 
2.4.1.2 Condensing Regime 
Cunningham et al (137) carried out a series of experiments in order to examine 
the effects that vapour shear had upon the overall heat transfer coefficient of a 
plain tube and two types of roped tubes. The tests were carried out using a 
condenser unit fitted with moveable inserts so that the effects of three different 
steam velocities (0.27m/s, 0.37m/s and 0.51m/s) could be investigated. The 
aluminium brass tubes (Do=13mm) used in the condenser unit were mounted 
in bundles, each consisting of three tubes in a vertical row, with 'cooling water 
flowing at varying velocities (1.0 to 4.2m/s) through the bottom tube in the 
bundle. The roped tubes each had helical indentations that were 0.2mm deep 
and a pitch of 6.4mm. One of the roped tubes had 6 helical grooves and the 
other tube had 2 helical grooves, which corresponded to helix angles of 44° 
and 18° respectively. For all three types of tubes it was found that as the 
vapour velocity increased, so did the overall heat transfer coefficient, which in 
one case was found to have improved by as much as 27%. 
Based on the experimental results, Cunningham et al (137) concluded that 
even relatively small increases in the vapour velocity resulted in improved 
values of the overall heat transfer coefficient. It was also concluded that while 
the experimental results for the roped tubes were greater than those of the 
plain tube, the geometry of the roped tubes did not seem to affect the 
magnitude of the improvements due to increased vapour velocity. 
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2.4.2 Inundation 
As part of a larger evaluation of shaped tubes for potential use in Naval steam 
condensers, Catchpole and Drew (138) carried out a series of inundation tests 
using both plain and roped condenser tubes. The tubes used in the experiments 
were made from 70/30 copper/nickel and were mounted in bundles that 
contained fifteen tubes that were arranged in five vertically staggered rows. 
The three roped tubes (A, B and C) in the experiments all had the same outside 
diameter (15.9mm) as the plain tube but contained quite different geometric 
characteristics. Condensate was recycled from a hot well onto the tube bundle 
with spray nozzles in order to simulate the effects of inundation. 
Catchpole and Drew (138) found that the performance of both the plain and 
roped tubes decreased as the condensate inundation rate increased and that the 
performance of the roped tubes was superior to that of the plain tubes in all 
cases. Tube C (the tube with the greatest trough width and groove depth) was 
found to have the best performance with overall heat transfer coefficient 
values that were between 25% and 50% greater than those of the plain tubes. 
Catchpole and Drew (138) also determined from the experiments that the helix 
angle of the roped tubes greatly affected the condensate drainage from the 
tube. Large helix angles were found to increase condensate hold-up on the 
surface of the tube as a result of the long groove lengths between the top and 
the bottom of the tube. A small helix angle was found to have the opposite 
effect as the condensate had a shorter distance to travel from the top to the 
bottom of the tube. Using the collected experimental data Catchpole and Drew 
(138) carried out a linear multiple regression analysis and developed an 
equation, Eqn (2.75), to calculate the condensation performance (R). 
R =1.17(We cos 0H)0.076 (2.75) 
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In a theoretical analysis of the performance of roped tubes, Baghernejad (139) 
developed equations that could be used to calculate the condensing-side heat 
transfer coefficient for both single roped tubes and roped tube bundles. 
Baghernejad (139) also derived an equation to calculate the friction factor (f) 
on the inside of a roped tube and a modified constant for the Dittus-Boelter 
(55) equation for the water-side heat transfer coefficient. In order to derive the 
condensing-side equations for roped tubes Baghernejad (139) made a number 
of simplifying assumptions with respect to both the tube geometry and the 
condensate layer present on the tube surface. These assumptions were as 
follows: 
1) The outside surface of the roped tube consists of a succession of flat and 
valley regions, Figure (2.7) 
2) The axial cross section of the grooves approximates the arc of a circle 
Figure (2.7) 
3) The grooves take the shape of repeated rings with the same helix angle 
instead of the shape of a helix turning around the the outside surface of the 
tube. 
4) The condensate is distributed on the surface of the roped tube such that the 
distance from the centre of the tube to the surface of the condensate film 
was constant at any given angle. 
With these assumptions and the heat transfer coefficient calculated using Eqn 
(2.8) Baghernejad (139) developed Eqn (2.76) to calculate the Nusselt 
Number for the non-grooved sections of the roped tube (ie the sections of the 
roped tube between the repeated rings). 
NUNG = 
1.0 (2.76) 112 
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Equation (2.76) was then used in conjunction with the helix angle to develop 
an expression to calculate the average Nusselt Number for a single roped tube, 
Eqn (2.77). Baghemejad (139) used the same methodology to develop an 
expression to calculate the Nusselt Number of the N`' tube in a bundle of 
roped tubes. 
I. O+NuNQ P°(1. O-PO) 
NuR =NuNG(cosOH)1ß (2.77) 2toWo I. O+NlI]ýG3Do 
Pi 
The Nusselt Number for a bundle of plain tubes (NupN) was calculated using 
Eqn (2.78) and an inundation equation of the form outlined in Section (2.2.2). 
NuPNr = hNDo (2.78) I 
The Nusselt Number for a bundle of plain tubes (NupN) was then substituted 
into Eqn (2.76) to find a Nusselt Number for the non-grooved section of a 
bundle of roped tubes (NUNG N), which was in turn substituted into Eqn (2.77) 
to find the average Nusselt Number for the Nt roped tube in a bundle of tubes 
In addition to developing equations for calculating the condensing side heat 
transfer coefficient of roped tubes, Baghernejad (139) also determined that on 
the water-side of a roped tube both the heat transfer coefficient and the 
friction factor were, dependent upon the severity factor (150). With the severity 
factor, previously published data (149), (153) and the geometric characteristics 
of roped tubes (Section 2.3.2), Baghernejad (139) developed semi-empirical 
correlations for the friction factor of a roped tube and the constant C in the 
Dittus-Boelter (55) equation, Eqns (2.79) and (2.80) respectively. 
.fR 
{p = 1.5(i) 
115 
1 
1.5 
(2.79) 
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Cunningham and Ben Boudinar (54), (140), like Catchpole and Drew (138), 
also examined the effect that condensate inundation had on both plain and 
roped condenser tubes. The tubes used in the experiments were identical to 
those described in Section (2.4.1.2) and steam at atmospheric pressure was the 
condensing fluid. Condensate was re-cycled from a hot well over the tube 
bundles, through the top tube, which had a series of 1mm holes drilled into it, 
in order to simulate the performance of a tube bundle that was nine rows deep. 
The results of these inundation experiments showed that the two types of 
roped tube bundles (i. e. 2-Start and 6-Start) had superior overall heat transfer 
coefficient performance compared to the plain tube bundle. The 
experimentally recorded data was also used to derive exponents, 0.15,0.14 
and 0.18 for the plain, 2-Start and 6-Start tubes respectively that could be used 
with Kem's (119) equation in order to carry out heat transfer calculations. The 
exponent arrived at for the plain tubes was found to agree well with the 
exponent (0.16) in Eqn (2.64), establishing the credibility of the experimental 
results. 
In addition to the experimental work, Cunningham and Ben Boudinar 
(54), (140) also developed two computer models to predict the performance of 
both the plain and roped tubes respectively. The plain tube model used theory 
by Nusselt (74) and Kern (119) while the roped tube model incorporated the 
equations developed by Baghernejad (139) and Kern (119). The predicted 
values for both of the computer models were all within an uncertainty band of 
+/-15 %. Based on both the theoretical and experimental results Cunningham 
and Ben Boudinar (54), (140) concluded that although significant 
improvements in the overall heat transfer coefficient could be obtained 
through the use of roped tubes, inundation was found to adversely affect the 
performance of roped tubes. It was also concluded that Kern's (119) equation, 
Eqn (2.64), could be used to successfully predict the effect of inundation in 
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plain tube bundles and that when Kern's (119) equation was used in 
conjunction with Baghernejad's (139) correlations, good agreement with the 
experimental results for roped tubes could be achieved. 
The conclusion that significant improvements in the overall heat transfer 
coefficient could be achieved through the use of roped tubes, put forward by 
Cunningham and Ben Boudinar (54), (140), was later verified by Dreitser et al 
(141). Dreitser et al (141) carried out a series of experiments using nine 
different types of roped tubes as well as plain tubes for comparison purposes. 
Both the plain and the roped tubes used in the tests were made from L68 brass 
and had a common external diameter and length of 18.3mm and 1859mm 
respectively. The groove geometry for the roped tubes was slightly different 
for each tube and was based on four groove parameters, de/Do, te/Do, Ra/Do 
and RofDo. 
The condenser used in the experiments was partitioned into four identical 
parts, each consisting of single vertical rows of four tubes. By dividing the 
condenser in this manner it was possible to simultaneously test four distinct 
tube bundles under identical experimental conditions. The results obtained 
using this condenser showed that the roped tubes improved the outside heat 
transfer coefficient by a factor of 1.8 to 2.65 compared to plain tubes. During 
the experiments it was observed that the roped tubes with the deepest grooves 
and the smallest distance between the grooves produced the greatest increases 
in the outside heat transfer coefficient. It was also observed that the grooves 
reduced the film thickness of the condensate and improved the condensate 
removal from the tube surface. 
With the recorded experimental data, Dreitser et al (141) also developed an 
empirical relation to calculate to calculate the outside heat transfer coefficient, 
Eqn (2.81). This equation was valid for the following conditions de/Do=0.89 
to 0.95, to/Do= 0.283 to 0.37 and Ra/Do=0.5 to 1.0. 
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(3.65(1-k)) 
h 
=2.469(1-0.2445RQ)(1-0.379; 1) (2.81) hNu Do Do 
2.4.3 Vapour Shear and Inundation 
Eissenberg and Bogue (142) were the first researchers to carry out experiments 
to determine how the combination of vapour shear and inundation affected the 
performance of roped tubes. These tests formed part of a larger study that 
examined the effects that steam temperature, mass velocity, non-condensable 
mole fraction, condensate rain, log mean temperature difference and cooling 
water velocity had on roped tubes. The roped tubes used in the test condenser 
had three grooves or starts, were made from a 90% copper and 10% nickel 
alloy, and had an outside diameter and length of 25.4mm and 2050mm 
respectively. The tube bundle also had three perforated spray tubes mounted at 
the top of the bundle which were used to vary the inundation ratio from 0.8 to 
6. 
Through examining the collected data, Eissenberg and Bogue (142) concluded 
that the effect of moderate steam velocity on the condensate film coefficient in 
the absence of non-condensible gas was small and due to the lateral 
movement of the condensate. It was also concluded that the effect of 
condensate rain in the actual bundles lies between results predicted using the 
Nusselt equation, Eqn (2.8) and those obtained using the expression (hcn/hcl= 
0.60+0.5/nb4). This, expression was derived by assuming that condensate 
drained from the tube bottoms to the tube sides. 
Although Eissenberg and Bogue (142) were the first to carry out vapour shear 
and inundation tests with roped tubes it is important to note that the steam 
flowed horizontally across the tube bundle instead of vertically downward. 
It sould also be noted that although these tests were conducted with steam 
flowing horizontally across the tube bundle, they provided important insight 
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into the combined effect that both steam velocity and inundation had upon 
roped tubes. 
Cunningham and Baghernejad (143) also carried out experiments using tube 
bundles that were subjected to the combined effects of vapour shear and 
inundation. In these experiments however, steam flowed vertically downward, 
unlike the test work carried out by Eissenberg and Bogue (142). Each of the 
three separate tube bundles contained 21 tubes (plain, 2-Start and 6-Start roped 
tubes respectively) that were arranged in an in-line manner. All of the 
experimental tubes were made from aluminium-brass and had an outside 
diameter of 13mm. Both of the roped tubes (2-Start and 6-Start respectively) 
had the same tube geometry that was outlined in Section (2.4.1.2). During 
the experiments the plain and roped tubes were subjected to varying steam 
velocities (22m/s to 27m/s) as well as cooling water velocities that ranged 
from 1. Om/s to 2.5m/s. Through analysis of the experimental results 
Cunningham and Baghemejad (143) concluded, with respect to vapour shear 
that the performance of individual tubes in the tube bundle can be greatly 
affected by the vapour flow pattern. It was also concluded that if the surface 
indentation of a roped tube is not severe, as in the case of the 6-start roped 
tube, then the effect of inundation is no worse in comparison to a plain tube 
bundle. Regarding inundation, Cunningham and Baghernejad (143) concluded 
that if a roped tube is designed to give high heat transfer coefficients (ie 2-start 
tubes) then inundation could be a major problem in bundles more than a few 
rows deep. 
Fidler and Cunningham (144) later extended the above analysis (143) by 
carrying out a series of experiments using the same types of heat exchanger 
tubes with an experimental condenser unit that could re-cycle condensate from 
a hot well. The condensate was re-cycled from the hot well over the tube 
bundles, which consisted of a single vertical row of tubes, through the top tube 
which had a series of 1mm holes (spaced 4mm apart) drilled into the top of the 
tube. By re-cycling condensate over tubes in this manner it was possible to 
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simulate the effects of condensate inundation (76), (122), (124), (125), (138). In 
order to increase the velocity of the steam flowing past the tube bundles, 
moveable inserts were mounted within the condenser on either side of the 
bundles. Using these inserts it was possible, in a manner similar to previous 
researchers (99), (101), (108), to reduce the channel width through which the 
steam flowed. Reducing the channel width increased the velocity as the mass 
flow of steam was constant. 
With this apparatus, experiments were carried out that simulated plain and 
roped tube bundles that were up to nine rows deep. For the duration of the 
experimental programme the steam (which was fed into the condenser at 
slightly above atmospheric pressure to prevent the ingress of non-condensible 
gases) and cooling water velocities were fixed at 0.51m/s and 2.66m/s 
respectively. The results of the experiments showed that the roped tubes 
provided a superior overall heat transfer coefficients (OHTC) than the 
equivalent plain tubes in the presence of vapour shear and inundation. The 
2-Start and the 6-Start roped tubes had averaged OHTC values that were 61 % 
and 28% greater respectively than the plain tubes. The experimental results 
were also compared with inundation data previously published by Ben 
Boudinar (54). For the 2-Start roped tubes, improvements in the OHTC values 
were found to range from +2% for the top tube in the bundle to +22% for the 
seventh tube. Similar comparisons for both the 6-Start roped tubes and the 
plain tubes proved less conclusive. 
In addition to the above experimental work, Fidler and Cunningham (144) also 
developed a computer model that was used to simulate the performance of the 
three tube bundles. The model was written in Fortran 77 and incorporated 
previously developed theory to simulate the effects of vapour shear 
(76), (97), (100) and inundation on both plain (119) and roped (139) tube 
bundles. The theoretical results for the plain tubes were found to have good 
agreement with the experimental data. The theoretical results for the roped 
tubes however underpredicted the experimental data for both the 2-Start and 
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the 6-Start tubes. The average underprediction for the 2-Start and the 6-Start 
roped tubes was found to -14.4% and -11.3% respectively. 
From the results of both the experimental and theoretical studies Fidler and 
Cunningham (144) concluded that the OHTC of the roped tubes was superior 
to that of the plain tubes. When the tubes were subjected to the combined 
effects of vapour shear and inundation the order of tube performance, from 
highest to lowest, was 2-Start, 6-Start and plain tubes respectively. It was also 
concluded that increased steam velocity reduced the effects of inundation on a 
vertical row of 2-Start roped tubes. 
2.4.4 Water-Side Enhancement 
Sections (2.41) to (2.4.3) have outlined the research work that has been carried 
out to date with respect to the condensing-side of roped tubes. However, as 
discussed in Section (2.3.2) the mechanically indented grooves of a roped tube 
provide enhancement on both the condensing and the water-side of the tube. 
This section examines the research carried out on the water-side of roped tubes 
so that an accurate figure for the overall heat transfer coefficient. (OHTC) for a 
roped tube can be calculated using a CFD model (Chapter 3). 
Ford (145) was the first researcher to investigate the water-side heat transfer 
coefficient of roped tubes. Using an experimental rig that could measure the 
temperature rise of cooling water flowing through a tube as steam condensed 
on the outside, Ford (145) was able to determined the overall heat transfer 
coefficients for a plain tube and 14 types of spirally enhanced tubes. All of the 
tubes used in the experiments had an inside diameter of 23 mm and were made 
from an Olin Cu-2.3Fe-0.03P alloy. The results of these simple tests showed 
that all of the roped tubes had greater heat transfer coefficients than the 
equivalent plain tube. From these results, Ford (145) concluded that significant 
enhancement in the overall heat transfer coefficients of up to 100% could be 
achieved through the use of enhanced tubes. It was also concluded that the 
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degree of enhancement depended upon the groove configuration and that an 
increase in the pressure drop inside the tube accompanied the rise in heat 
transfer. 
Withers and Young (146) carried out similar tests using two sets of plain and 
roped tube bundles. The tubes in the first pair of plain and roped tube bundles 
were made of copper and had an inside diameter of 14.1mm. The tubes in the 
second pair of tube bundles were made from 90-10 CuNi and had an inside 
diameter of 22.8mm. The tube geometry for the roped tubes was identical ie I 
groove or start with a pitch and groove depth of 6.35mm and 0.79mm 
respectively. By varying the flow rate of the cooling water as steam condensed 
on the tube bundles, a large amount of experimental data was collected. With 
the experimental results Withers and Young (146) developed correction 
factors specific to each of the tube types that could be used in conjuction with 
the Seider-Tate (56) equation to calculate the water-side heat tansfer 
coefficient. Withers and Young (146) also found that improvements in the 
overall heat transfer coefficient of up to 50% were possible through the use of 
roped tubes. 
Reilly (147) confirmed the overall heat transfer coefficient results of Withers 
and Young (146) by carrying out tests using steam at a pressure of 0.21 bar 
and three types of roped tubes and a plain tube. All of the tubes were made 
from aluminium, had an outside diameter of 15.9mm and were cooled by 
water flowing at velocities that varied from 0.91m/s to 7.62m/s. Reilly (147) 
found that the overall heat transfer coefficients of the enhanced tubes were as 
large as 1.75 times the corresponding plain tube value for the same cooling 
water flow rate. Using the Wilson (148) plot method, Reilly (147) also found 
that the inside heat transfer coefficients for the enhanced tubes were three 
times those of the plain tube and that the outside heat transfer coefficients of 
the enhanced tubes decreased by 10 to 20 % when compared to the plain tube 
values. 
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Mimura and Isozaki (149) were the first researchers to examine the effect that 
the groove shape of a roped tube had on the heat transfer coefficient. Using a 
single tube steam condenser, and a plain tube for comparison purposes, 
Mimura and Isozaki (149) carried out experiments on 13 roped tubes that had 
varying groove pitches (7,9,11,13mm), groove indentation depths 
(0.5,0.7,0.9,1.1mm) and starts (1 to 3). All of the tubes were made from 90-10 
Cu-Ni had an inside diameter of 14.08mm and were cooled using water with 
velocities that were varied from 0.6 to 2.4m/s. The results of these experiments 
showed that all of the roped tubes had higher overall heat transfer coefficients 
than the plain tube and that the highest recorded OHTC was found with the 
roped tube that had an indentation depth to inside tube diameter ratio of 0.05. 
Mimura and Isozaki (149) also examined the OHTC relative to the number of 
grooves or starts on the roped tubes and found that there was little difference 
between the OHTC values for the tubes with 1 or 2 starts. The tubes with 3 
grooves however had OHTC values that were 8% to 16% less than the OHTC 
values for the tubes with 1 groove. In addition to determining that the roped 
tube values were considerably greater than the OHTC values for plain tubes 
Mimura and Isozaki (149) also concluded that the water-side heat transfer 
coefficients for roped tubes was proportional to (P/Di-0.42)'°. '5 . 
Cunningham and Milne (150) examined the effect that the helix angle of a 
roped tube had on the overall heat transfer coefficient in a similar manner to 
Mimura and Isozaki (149). A single tube steam condenser unit was used to 
carry out experiments on a plain tube and two roped tubes. All of the tubes 
used in the experiments were made from aluminium brass, had an inside 
diameter of 1 Imm and were cooled using water that flowed at velocities 
ranging from 1 to 4 m/s. The dimensions of the two roped tubes (2-start and 
6-start) have been outlined in Section (2.4.1.2). The results of the tests 
showed that the 2-start tube had the highest overall heat transfer coefficients, 
followed by the 6-start tube and the plain tube. The 2-start tube was also found 
to have the highest friction factor of the three tubes under examination. Based 
on these experimental results, Cunningham and Milne (150) concluded that the 
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use of roped tubes in condensers can provide substantial improvements in heat 
transfer performance over plain tubes. It was also concluded that for roped 
tubes having the same ratios of indentation/diameter and pitch/diameter, heat 
transfer increases with decreasing helix angle. 
By examining the geometric characteristics of eleven roped tubes of varying 
pitch to depth ratios (p/d) Mehta and Rao (151) produced a geometric 
characterisation factor called the severity factor, Eqn (2.82). 
2 (ý, ) es = (2.82) 
Using both the above severity factor and experimental data obtained using a 
single tube condenser and eight roped tubes, Mehta and Rao(151) then derived 
a generalised equation, 
hiDi (-160-') 
(0.8e2S. 5es) Pr" oa 
k) = Me Re (2.83) 
where: M=0.027 for plain tubes and 0.029 for roped tubes. 
that could be used to calculate the inside heat transfer coefficient (hi) for both 
plain and roped tubes. Equation (2.83) may be used for values of the severity 
factor and Reynolds number that range from 0s =0 to 200x10 ' and Re= 
10,000 to 80,000 respectively. Mehta and Rao (151) also compared the 
experimental data with theoretical results obtained using the Dittus-Boelter 
(55) equation, 
hiDB = 
(A) 
Di0.023(Re)o. 
s(Pr)0.4 (2.84) 
and found that the experimental values for hi were 15% greater than the 
theoretical data. Based on this result, Mehta and Rao (151) suggested that a 
constant of 0.027 be used in the equation instead of 0.023 in Eqn (2.84). 
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Marto et al (152) carried out tests similar to those of Mehta and Rao (151) 
using eleven types of roped tubes and one plain tube. All of the tubes had an 
outside diameter of 15.9mm and were made from either aluminium, a 90-10 
copper-nickel mixture, titanium or copper. Using a single tube steam 
condenser Marto et al (152) were able to determine the heat transfer 
coefficients (inside, outside and overall) through the use of the Wilson plot 
technique (148). In all cases the test results showed that the roped tubes had 
higher overall heat transfer coefficients than the equivilent plain tube. This 
improvement in the overall heat transfer coefficient was found to range from 
17 % to 104%. Most of the heat transfer improvement was found by Marto et 
al (152) to have occurred on the water-side of the tubes with little increase, 
and in some cases a decrease, on the steam-side. Based on these results Marto 
et al (152) concluded that the corrugated or roped tubes provided an 
improvement in the overall heat transfer coefficient when compared to an 
equivilent smooth tube. It was also concluded that this improvement could be 
used to reduce the required surface area in a condenser by as much as 50% for 
a constant heat load and pumping power. 
In 1982, Yorkshire Imperial Metals (153), the UK manufacturer of roped 
tubes, published a technical memorandum containing design data regarding 
the use of horizontal roped tubes in steam condensers. Contained within this 
memorandum is 
Nu = CReo. apr0.4 
.ý 
where: 
l o. ý til1( PL' C=0.027[l + cos (a*)Yi 
(11)1( 
Di Di 
tan (a*) . sPi 
nDi 
3 ti 
ln(Y1) _ -Z ailln 
, _o 
(Di) 
(2.85) 
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a0=5.0766, a, =4.4224, a2 1.1240, a3 6.76x10.2 
which can be used to calculate the water-side heat transfer coefficient for 
roped tubes. It should be noted however that this equation has been published 
by the manufacturer and that the source of the experimental data used to 
develop the equation, Eqn (2.85) was not supplied. 
In order to develop a general equation to predict the water-side heat transfer 
coefficient of internally ribbed tubes, Ravigururajan and Bergles (154) 
examined previous research work carried out using a variety of enhanced 
tubes. Ravigururajan and Bergles (154) centred their investigation on tubes 
with transverse ribs, helical ribs, and wire coils and were able to assemble a 
database which contained 1807 points of heat transfer data. From this database 
an equation, Eqn (2.86), was developed 
/ -0.21 0.212 0.29 
7 1/7 
NU EI: 
Nu = 1-F 2.64Reo. 
o361 
Di/ 
(Di/ (2H) 
90 Pr-0.024 (2.86) P 
where: 
fpl2Re Pr 2 Nup = and 1p= (1.58lnRe - 3.28)- 
1+ 12.7 f; l2 (Pry-1 
that could be used to predict the water-side heat transfer coefficient. The 
developed equation, Eqn (2.86), was found to predict 99% of the experimental 
data points to within +/- 50% and 69% of the points to within +/-20%. 
Sethumadhaven and Rao (155) conducted a series of tests (similar to those of 
Mimura and Isozaki (149)) in order to examine the effect tube geomertry had 
upon the water-side heat transfer coefficient. A single tube steam condenser 
was used with a plain tube and five enhanced tubes to provide the 
experimental data. All of the experimental tubes were made from copper and 
had an internal diameter-of 75mm. The enhanced tubes all had the same helix 
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angle (65° ) but different groove pitches and groove heights. The results of the 
tests, carried out using both water and water with 50% glycerol as the cooling 
fluid, showed that the roped tubes provided higher water-side heat transfer 
coefficients than the equivilent plain tube. From the experimental results 
Sethumadhaven ad Rao (155) concluded that roped tubes could provide 
enhancement in the water-side heat transfer coefficient that ranged from 15% 
to 100% as compared to equivilent plain tubes. It was also concluded that the 
tube with the highest number of grooves (or starts) and the largest ratio of 
corrugation (h/p) provided the highest heat transfer coefficient over a range of 
Reynolds numbers. 
Rabas et al (156) developed the equation 
Nu = 0.027E1Re0.8Pr0.4 
where: 
E1 =1.0 + 1.182E2E3/(Pi/Di')0 406 
E2 = cos (a*) a*= arctan (Pi/nDi) 
In E3 = -Ejý-o aj[ln (ti/Di)T' 
a0=5.0766, a1=4.4224, a2=1.1240, a3=6.700x10-2 
(2.87) 
to calculate the water-side heat transfer coefficient of roped tubes in a manner 
similar to Ravigururajan and Bergles (154). Rabas et al (156) were able to 
build up a heat transfer coefficient database, containing 458 points with 41 
different tube geometries by examining previously published data. The new 
equation, Eqn (2.87), predicted 98% of the experimental data to within +/- 
30% and 67.5% of the experimental data to within +/-10%. Theoretical results 
generated with Eqn (2.87) were also compared with results obtained using 
equations developed by Yorkshire Imperial Metals (153) and Ravigururajan 
and Bergles (154). This comparison showed that Eqn (2.87) yielded 
I-' 
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conservative results and as such was acceptable for the design of condensing 
equipment such as multi-stage flash evapourator condensers. 
Xian-He Deng et al (157) theoretically derived 
St = 
hi 
= 
F1 
PCPV Pr213+0.78 
where: 
F1 = 0.7(ti/Di)0.4338(Pl/ti)-0'1182(OH/90)1.799 
0X 990 -0.114 Re" 
and 
(2.88) 
n=-0.2216-1.304x104(1.1-1/Pr1I'3)(ti/Di)Re08 -1.08(OH/90)/ýR 
that could be used to calculate the water-side heat transfer coefficients for both 
single and multi-start spirally enhanced tubes. 
With the above equation Xian-He Deng et al (157) calculated theoretical 
Stanton Numbers which were compared with 335 experimental data points 
(158), (159), (160). The results of this comparison showed that the maximum 
deviation of the theoretical results obtained with Eqn (2.88), except for 4 
points, was within +1-15%. A similar comparison with the experimental results 
was also carried out using Eqn (2.86) by Ravigururajan and Bergles (154) to 
calculate the theoretical Stanton Numbers. In this second comparison 39% of 
the experimental data points were within the +/-15% band obtained using Eqn 
(2.86). However 61% of the data points were within the 15% to 100% 
deviation. The results of the two comparisons led Xian-He Deng et al (157) 
to conclude that the newly developed correlation, Eqn (2.88), provided better 
theoretical predictions of the experimental data (158), (159), (160) than the 
equation derived by Ravigururajan and Bergles (154). 
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2.5 Finned Tubes 
2.5.1 Vapour Shear 
2.5.1.1 Non-Condensing Regime 
The use of finned tubes in a non-condensing regime has received very little 
attention by researchers and as a result very few papers have been published. 
Briggs and Young (161) published one of the few papers containing the 
equation 
o. ii 
j=0.134Red 319(FH-1o. 
2() 
(2.89) 
that could be used to calculate the outside heat transfer coefficient of finned 
tubes in a staggered tube bundle. This equation was empirically developed 
using air flowing over 14 different staggered tube banks and is valid for a heat 
exchanger with four or more tube rows over the following ranges: 
1100: 5 Red<_ 18,000, :5 FS/FH: 5 0.63,1.0: 5 FS/FT56.6, 
0.09SFH/Do<_0.69,0.01 SFT/Do50.15,1.557TP/D0S8.2 
Schmidt (162) also developed an empirical equation for calculating the outside 
heat transfer coefficient of finned tubes in a tube bank. This equation 
Nu = 0.30ReO. 62SC-0.375Pr0.333 (2.90) 
however was different from the Briggs and Young (161) equation in that it 
was valid over different ranges (5 <c< 12 and 5x103<Re<105 ) and that the 
experimental data (163), (164), (165) used in the development was for in-line 
tube bundles. 
Rabas et al (166), like Briggs and Young (161), developed an equation based 
on the Colburn factor (j) for calulating the outside heat transfer coefficient of 
finned tubes. The correlation, Eqn (2.91) 
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J=0.2.92(Dµ ý) 
n(Do) 1.12(FH/ 0.26r 
S) 
0.67 
ýDý 
0.47/D\ 0.7 
(2.91) 
where n= -0.415+0.346(FTD/FS) 
is valid for for staggered tubes bundles with six or more rows of tubes within 
the following ranges: 
50005 Red <_25,000,1.3 <_FS/FH<_ 1.5,0.01 :5 FS/FT<0.06, FH/Do50.10, 
0.01 <_ FT/Do <_ 0.02, and 1.3: 5 TTP/Do 51.5. 
2.5.1.2 Condensing Regime 
The first researcher to carry out experiments with finned tubes in a forced 
convection condensation regime was Dorokhov (167). Using Freon-21 
(CHFC12) that flowed at up to 5.4m/s, Dorokhov (167) measured both the 
saturated vapour temperature and the cooling water flow throught four distinct 
condenser tubes (three finned tubes and one plain tube) in order to calculate 
the heat transfer coefficients. The first of the three finned tubes was wave 
shaped (with fin root diameter, fin height, fin pitch of 14.55mm, 0.62mm, and 
1.25mm respectively), while the second finned tube had trapezoidally shaped 
fins (fin root diameter and fin height of 17mm and 2.20mm respectively) with 
a high fin pitch (2. Omm). The third finned tube also had trapazoidally shaped 
fins (fin root diameter and fin height of 13mm and 1.50mm respectively) with 
a low fin pitch (1.25mm). The plain tube had an outside diameter of 17mm 
and was used for comparison purposes. The results of these experiments 
showed that enhancement due to increased vapour velocity was greater for the 
plain tube than both the wave shaped tube and the trapezoidal tube with the 
low fin density. The performance improvement of the trapezoidal tube with the 
high fin density was found to be similar to that of the plain tube. It should be 
noted however that the range of the vapour velocity experiments for the high 
fin density trapezoidal tubes (0 to 1.0 m/s) was much smaller than that of the 
other three tubes (0 to 5.2 m/s). 
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Yau et al (168) performed experiments using a steam condenser and thirteen 
different finned tubes (and a plain tube for comparison purposes) in order to 
examine the effect that fin spacing had on the heat transfer coefficient of a 
finned tube. The tubes used in the tests all had rectangular shaped fins with 
the same height and width of 1.6mm and 0.5mm respectively. The fin pitch 
however was different for each tube and varied from 1.0mm to 20.5mm. The 
tests were carried out using steam at near atmospheric pressure that flowed at 
three different velocities, 0.5m/s, 0.75m/s and 1.1m/s. From the measured 
experimental results, Yau et al (168) determined that both the fin pitch and the 
vapour velocity of the steam had noticeable effects on the heat transfer 
coefficient. The effect of the fin density on the vapour-side enhancement ratio 
(ie the vapour-side heat transfer coefficient of the finned tube divided by the 
vapour-side heat transfer coefficient of the plain tube atthe same vapour 
velocity and heat flux) however failed to produce a clear trend. From these 
results, Yau et al (168) concluded that heat transfer enhancement improved 
with increasing fin pitch and reached a maximum for a fin density of 0.5 fins/ 
mm. It was also concluded that the enhancement provided by increased vapour 
velocity had proportionally the same effect on both plain and finned tubes. 
This conclusion was completely opposite to the the conclusions of Dorokhov 
(167) regarding increased vapour velocity and finned tubes. 
Michael et al (169) carried out experiments that were similar to those of Yau et 
al (168). Both steam and R-113 were condensed over three single finned tubes 
and one plain tube in order to determine the effect that vapour velocity had 
upon the heat transfer coefficient. The finned tubes were made from copper 
and had a fin root diameter equal to the outside diameter of the plain copper 
tube (Do=19mm). The fins of the three finned tubes were rectangular in shape 
with both fin height and fin thickness equal to lmm and fin spacings of 
0.25mm, 1.5mm, and 4.0mm respectively. The velocity of the steam and the 
R-113 used in the experimental condenser was varied from 4.8m/s to 31.5m/s 
and 0.4m/s to 1.9m/s respectively. For both of the condensing fluids Michael 
et al (169) found that the vapour-side enhancement ratios for the finned tubes 
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decreased with an increase in the Reynolds number. Michael et al (169) also 
compared the experimental results with previously recorded quiescent data for 
steam and R-113 (170), (171). The results of this investigation enabled 
Michael et al (169) to conclude that vapour velocity has a greater effect on 
plain tubes than on finned tubes. This conclusion agrees with previous work 
by Dorokhov (167) but not with Yau et al (168). 
Briggs (172) carried out experiments to provide accurate and repeatable 
forced convection condensation data for integral finned tubes. The tests were 
carried out using three different condensing fluids (steam, ethylene glycol and 
R-113) flowing at varying velocities and four distinct tubes. Three finned 
tubes were used in the experiments, all of which had a fin root diameter of 
19.1 mm. The fin thickness and height were both 1mm and the fin spacings of 
the three tubes were 0.5 mm, 1.0 mm and 1.5 mm respectively. The plain tube 
used in the experiments had an outside diameter that was equal to the fin root 
diameter (19.1mm). All of the experimental tubes were made from copper and 
were fitted with four thermocouples (embedded into the tube wall), so that an 
accurate measurement of the tube wall temperature could be recorded. 
The experimental apparatus was validated by first collecting data for the plain 
tube. This data was compared to previous experimental data (99), (104), (108), 
(110), (124) and theoretical results obtained using Egn's (2.8), (2.17) and 
(2.21) and was found to agree favourably. With the validated test rig Briggs 
(172) then collected data for the finned tubes. This data was found to have 
good repeatability and clearly showed that the amount of heat transferred 
increased as the vapour velocity of each of the three condensing fluids was 
increased. Through a comparison of both the plain and finned tube 
experimental results, Briggs (172) was able to draw several conclusions based 
on the vapour velocity of the condensing fluids. At moderate vapour 
velocities, it was concluded that the effect of vapour velocity on the 
vapour-side heat transfer coefficient of the finned tubes was less than for the 
plain tubes. This meant that as the vapour velocity increased the enhancement 
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ratio of the finned tubes decreased. At the higher vapour velocities (achieved 
with ethylene glycol), the effect of vapour shear was found to affect both the 
plain and finned tubes to a similar extent ( which agrees with the experimental 
work carried out by Yau et al (168)). At low velocities, Briggs (172) 
suggested that the surface tension forces dominated the flow of condensate and 
that the effects of increased vapour velocity had very little effect on the heat 
transfer coefficient of finned tubes. 
Cavallini et al (173) also examined the effect that increased vapour velocity 
would have on a finned tube. Using refrigerant R-11 with vapour velocities 
that ranged from 1.9 m/s to 26.2m/s respectively Cavallini et al (173) carried 
out a series of experiments on a single finned tube. The experimental copper 
tube had a fin density of 1333 fins per meter, a fin root diameter of 15mm, 
and was 150mm long. The fins had a height and pitch of 0.70mm and 
0.75mm respectively. The results of this study showed that there was an 
increase in the heat transfer coefficients of 50% between the highest and the 
lowest vapour velocities. Although there was a large increase in the 
enhancement of the heat transfer coefficients, it should be noted that a twisted 
tape insert was placed inside the finned tube. This insert was used to mix the 
cooling water flowing through the finned tube and promote turbulence which 
in turn would increase the inside heat transfer coefficient. As the flowrate of 
the cooling water has not been reported in this research the results should be 
treated with caution. 
Rose (174) was the first researcher to theoretically derive an expression to 
calculate the vapour-side enhancement of a finned tube. By examining the heat 
transfer that takes place on both the tip and the flanks of the fins as well as the 
heat transferred in the interfin tube space, Rose (174) derived an equation, Eqn 
(2.92), in the form of an enhancement ratio. 
CAT_ 
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Theoretical results obtained with the developed equation were then compared 
with previous experimental data (175), (176), (177), (178) obtained using 
quiescent condensing fluids. The agreement between the theoretical and the 
experimental results was found to be very good for all of the condensing fluids 
(steam, R113 and ethylene glycol) used in the experimental research. 
Cavallini et al (179) continued earlier work (173) by carrying out a series of 
experiments using the refrigerant R-113 (flowing with velocities that ranged 
from 1 to 23 m/s) and a single finned tube having 2000 fins per meter (FPM). 
The tube used in the experiments had a fin tip diameter of 15.8mm, a fin pitch 
of 0.5mm and a fin height of 0.6mm. The rectangular cross section and 
thickness of the fins was 0.2mm. The results of the tests carried out with the 
2000FPM tube were compared by Cavallini et al (179) with previous 
experimental data (173), (180), (181) in order to determine the effect increased 
vapour velocity had on the finned tubes. The results showed that the tube with 
2000 FPM had greater heat transfer coefficients than the 1333 FPM tube for 
all vapour velocities. The increased heat transfer coefficients of the 2000FPM 
tube was attributed by Cavallini et al (179) to the effect of shear stress on the 
condensate retention which was higher for the 2000FPM tube than the 
1333FPM*tube. The heat transfer coefficient of the 2000FPM tube began to 
increase considerably compared to the 1333FPM tube when the Reynolds 
Number was greater than 70,000 and reached a maximum enhancement of 
approximately 80% (compared to the 1333FPM tube) when the Reynolds 
number was equal to 300,000. The heat transfer coefficients of the plain tube 
were evaluated using the model developed by Honda et al (108) and found to 
be greater than those of the finned tubes for all vapour velocities. This result is 
consistant with earlier experimental work carried out by Dorokhov (167) and 
Michael et al (169). 
In addition to previous work (173), (179) carried out using specially 
manufactured experimental tubes, Cavallini et al (182) also examined the 
effect that increased vapour velocity had upon the heat transfer coefficient of a 
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commercially available finned tube. The pin-finned tube used in this 
investigation was manufactured by Hitachi and marketed under the trade name 
Thermoexcel. The tube was made from copper and had a fin tip diameter of 
18.70mm and a fin root diameter of 14.70mm. The pitch and the height of the 
fins was 1.25mm and 2.00mm respectively. The tests were carried out using 
the single tube condenser from previous experimental work (173), (179), the 
Thermoexcel finned tube, two integral finned tubes (1333 and 2000FPM 
respectively) and two refrigerant types (R-11 and R-1 13). The velocity of the 
refrigerants was varied from l. lm/s to 24.5m/s. The results of these 
experiments showed that at near stationary vapour flow conditions for R-11 
and R-113 the Thermoexcel tube provided an increase in the amount of heat 
transferred of 20% to 30% with respect to the integral finned tubes and 
approximately seven times compared to the equivilent plain tube. As the 
vapour velocity was increased however the effect on the heat transfer 
coefficient was found to be less significant for the Thermoexcel than either of 
the integral finned tubes. 
In addition to examining the heat transfer performance of both the 
Thermoexcel and the integral finned tubes, Cavallini et al (182) also observed 
and recorded the fluid dynamic mechanism of R-1 13 condensing on the 1333 
FPM tube under high vapour velocity. When the R-1 13 was at nearly 
stationary conditions (Re= 16,800) the lower portion of the tube was observed 
to be completely flooded by the condensate. The condensate flowed from the 
bottom of the tube in columns of liquid that were equally spaced along the 
length of the tube. As the Reynolds Number of the R-113 was increased to 
100,000 the liquid columns of condensate became much less stable and the 
distance between the columns less constant. At a Reynolds Number of 200,000 
waves were induced at the vapour-liquid interface in the flooded region of the 
tube which produced a dispersed flow underneath the tube. When the 
maximum Reynolds Number of 350,000 was used in the experiments a fine 
dispersion of droplets in the vapour flow was entrained at the limit of the 
flooded region where the the separation of the boundary layer occurred. 
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2.5.2 Inundation 
The first researchers to investigate the effects of condensate inundation on 
bundles of finned tubes were Katz et al (183). Experiments were carried out 
using a 40 tube commercial condenser unit and the refrigerant Freon-12. The 
condenser tubes were 923mm long and had a fin root diameter of 19mm, fin 
tip diameter of 22mm and the fin density of the tubes was 590 fins/meter. 
With the information collected from the tests, Katz el al (183) derived a 
number of design charts for multi-tube condensers. In addition to the design 
charts Katz et al (183) also determined that the exponent 0.273 could be used 
in the Nusselt inundation equation, Eqn (2.62), to calculate the heat transfer 
coefficients for finned tubes that are affected by inundation. 
Katz and Geist (184) carried out experiments using a single veritical row of six 
finned tubes that were similar to the tests of Katz et al (183). Four condensing 
fluids were used in the experiments (R-12, acetone, n-Butane and steam) 
together with tubes that had a fin density of 590 fins/meter, a fin root diameter 
of 15.8mm and a fin tip diameter of 19mm. The results of these tests showed 
that the effect of condensate inundation was much less than predicted using 
Eqn (2.62). Katz and Geist (184) also found that the experimental results could 
be correlated using Eqn (2.62) with an exponent of 0.06. 
Pearson and Withers (185) measured the heat transfer coefficients of two 
experimental condensers, each of which contained 60 finned tubes. The first 
of the two condenser units contained tubes with a fin density of 748 fins per 
meter while the second condenser unit contained tubes that had a fin density of 
1024 fins per meter. The tubes in both of the condenser units were arranged 
with a pitch to diameter ratio of 1.25 and the condensing fluid was R-22. With 
the recorded experimental data Pearson and Withers (185) developed a 
correction factor CN/N''4 (where CN=1.34 and 1.31 for the 1024 and 748 fin per 
meter tubes respectively) for inundation that could be used in conjunction with 
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an equation, Eqn (2.93), developed by Beatty and Katz (186) for a single 
horizontal finned tube with quiescent vapour. 
hBK = 0.689 
k3P2ghfg iia 
µOTDey 
1 /4 
where: 
1 1.30 1 +A" 1/4 Deq AefLT14 AefDro 
and L= n(DI -D o)/4Do 
(2.93) 
Honda et al (187), (188), (189) have published three papers which examine in 
detail the condensation process that takes place on finned tubes. In the first of 
the three papers, Honda et al (187) experimentally examined the flow 
characterstics of falling condensate using a single vertical column of three 
tubes. The top tube in the column was used to inundate the lower two tubes 
-(which had cooling water flowing through them) in the column with 
condensate from a head tank. The copper tubes used in the tests had a fin tip 
diameter of 15.8mm and the condensing fluids used in the tests were R-113, 
Methanol and n-Propanol. During the experiments Honda et al (187) observed 
that there were four major flow modes (droplet, column, column and sheet, 
sheet) present as the liquid condensate flow rate was increased. It was also 
found that flow mode transitions could be closely linked with the value of the 
dimensionless group K= M+(g/p) "/4/Cy3/4 . With the data 
from the 
experiments and the results of earlier theoretical work (188) for single finned 
tubes with quiescent vapour, Honda et al (189) were able to derive both a 
procedure and equations to calculate the average heat flux, Eqn (2.94), and the 
heat transfer coefficient, Eqn (2.95) for a finned tube affected by condensate 
inundation. 
9, = [9Au(gql1A-(Po)'i'gAJ(q -(PJA)1I+[9Uu(PN+quj(l -(pN)](1-fp) (2.94) 
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Using the above equations, Honda et al (189) also carried out a theoretical 
analysis to determine how fin spacing affected the heat transfer of a finned 
tube that was inundated with condensate. Good agreement was found when the 
theoretical results were compared with experimental work carried out by 
Gogonin et al (190) using quiescent R-12. The results of this comparison led 
Honda et al (189) to conclude that the optimum fin spacing for a fin tube 
bundle with R-12 as the condensing fluid was 0.3mm. 
2.5.3 Vapour Shear and Inundation 
The first researchers to study how the combined effects of vapour shear and 
inundation affect finned tubes were Honda et al (191). Experiments were 
carried out using the refrigerant R-113 together with six in-line tube bundles, 
each of which contained a different type of finned tube. The tubes used in this 
experimental study were all made from copper and could be divided into two 
broad catagories, flat finned tubes (tubes A and B in the experiments) and 
three dimensional finned tubes (tubes C to F). The fin tip diameters of the 
tubes ranged from 15.6 to 16.1mm but both the longitudinal and transverse 
pitches of all of the tubes were 22mm. All of the tube bundles contained three 
vertical rows with fifteen tubes in each row. Inundation tubes were also 
mounted at the top of the bundle so that condensate could be made to flow 
over the experimental tubes. By varying the inlet vapour velocity of R-113 
from 3.3 to 18.9 m/s, Honda et al (191) observed that the condensate flow 
pattern for the experimental tubes was similar at low vapour velocity but 
different at high vapour velocity. At low vapour velocity, the condensate 
flowed between tubes in the vertical rows in the form of droplets and 
condensate columns. At higher vapour velocity, the condensate flowing 
between the flat finned tubes (A and B) simply disintegrated into very small 
droplets. Unlike the flat finned tubes, as the velocity of the R-113 was 
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increased the condensate on the three dimensional tubes (tubes C to F) firstly 
formed a complete sheet between the tubes in the bundle and then 
disintegrated into very fine particles that were so pronounced that further 
observations were impossible. The appearance of the sheet mode of 
condensation between the three dimensional tubes was believed to have been 
caused by lognitudinal grooves between the fins which equalised the 
condensate flow rate along the length of the tube. 
With respect to the heat transfer of the tube bundles, increasing the velocity of 
the R-113 was found to have a beneficial effect on tubes A, B and F but little 
or no effect on tubes C, D and E. The amount of heat transferred by the 
bundles fitted with tube types A and B increased by 20% as the velocity was 
increased while the amount of heat transferred by the bundle fitted with tube 
type F improved by 15%. These results are consistent with the experimental 
work carried out by Michael et al (169). 
In addition to carrying out the finned tube experimental work , Honda et al 
(191) also compared the experimentally recorded results with theoretical data 
obtained using a previously developed computer model (189) and an empirical 
expression for a bundle of smooth tubes (192). For the flat finned tubes (A and 
B) with low vapour velocity the agreement between the theoretical and 
experimental results was found to be very good. 
Based on the results of both the experimental work and the data comparison, 
Honda et al (191) concluded that the falling modes of condensate for flat sided 
and three dimensional tubes were the same at small Reynolds Numbers but 
considerably different at large Reynolds Number values. It was also concluded 
that the heat transfer due to vapour shear was less for finned tube bundles than 
for plain tube bundles (due to the predominant effect of surface tension in 
finned tube bundles) and that the highest heat transfer performance of the 
experimental tubes was provided by tube B. 
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Honda et al (193) later extended the initial in-line tube bundle work (191) 
work by examining the effect that vapour shear and inundation had on 
staggered bundles of finned tubes. Using the same apparatus and experimental 
procedures (191) a further series of tests were carried out using R-113 as the 
condensing fluid. The results of these experiments showed that the condensate 
flow patterns for both the flat finned and the three dimensional tubes were 
virtually identical for both the staggered and in-line tube bundles at all vapour 
velocities. Athough the condensate flow patterns were similar for both the 
staggered and the in-line tube bundles, condensate retention was observed in 
the second and subsequent rows of the in-line finned tube bundle at high 
vapour velocity but not in the staggered tube bundle. With respect to the heat 
transferred by the two types of tube bundles, it was determined that at low 
vapour velocity the performance of both the in-line and staggered tube bundles 
was very similar. However, at higher velocities, the staggered finned tube 
bundle provided better heat transfer than the in-line bundle of tubes. 
Chu and McNaught (194), like Honda et al (193), also examined the effect 
that vapour shear and inundation had on staggered bundles of finned tubes. 
Using a condenser that contained a staggered tube bundle 12 rows deep by 5 
rows wide and the refrigerant R-113 as a working fluid, Chu and McNaught 
(194) carried out experiments with two types of low finned tube bundles and a 
bundle of plain tubes (Do=19.05mm) for comparison purposes. The first of 
the two types of finned tubes had a fin density of 748 fins per meter (fpm), a 
fin root diameter of 15.8mm and a fin height of 1.6mm. The second type of 
finned tube had a fin density of 1406 fpm, a fin root diameter of 17mm and a 
fin height of 0.95mm. All of the tube bundles had the same transverse and 
longitudinal spacing in the heat exchanger of 24.0mm and 21.0mm 
respectively. In order to obtain a large amount of experimental data Chu and 
McNaught (194) systematically varied both the the vapour velocity of the 
steam flowing through the minimum flow area (1.0 to 11.0 m/s) and the 
condensate inundation rate (0.08 to 0.96 kg/s). 
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To evaluate the effect of vapour shear on the three tube bundles, the ratios 
hpo/hBK and hpo/hGR (without inundation) were plotted against a dimensionless 
gas velocity. From this plotted data, Chu and McNaught (194) observed that 
the effect of vapour shear on the finned tubes was moderate compared to the 
plain tubes. These results agreed with previous findings both Michael et al 
(169) and Honda et al (191). With respect to condensate inundation, Chu and 
McNaught (194) plotted the condensation heat transfer coefficients against the 
film Reynolds Number and found that the plain tube coefficient initially 
decreased as the Reynolds Number increased, which was characteristic of 
laminar flow heat transfer. For the finned tubes, the heat transfer coefficients 
were found to be characteristic of laminar or wavy flow over the entire range 
of Reynolds Numbers. 
Chu and McNaught (194) concluded that the effects of vapour velocity on 
condensation heat transfer on low finned tube bundles was significantly less 
than with plain tubes. It was also concluded that condensate inundation on 
low finned tubes produced a steady but moderate reduction in the condensate 
heat transfer coefficient. With plain tubes there was a greater initial reduction 
in the condensate heat transfer coefficient than for the finned tubes but as the 
condensate film became turbulent the heat transfer coefficient increased. 
McNaught and Chu (195) later extended earlier work (194) by examining the 
combined effect that vapour shear, inundation and fin frequency had on a 
bundle of finned tubes. With the previously described apparatus and 
procedures (194), McNaught and Chu (195) carried out experiments using four 
tube bundles with fin densities of 448,748,1058 and 1406 fins per meter. 
From the experimentally recorded data for the heat transfer coefficients 
McNaught and Chu (195) concluded that the effects of vapour velocity on 
condensation heat transfer for low finned tubes was relatively weak for all fin 
geometries. It was also concluded that condensate inundation on low finned 
tube bundles produced a steady and moderate reduction in the condensate heat 
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transfer coefficient and that there was no particular trend between the 
inundation effect and fin geometry. 
In order to investigate the effects of both fin shape and fin dimensions on the 
condensation of CFC-11 and HCFC-123, Honda et al (196) carried out a series 
of experiments using four different types of copper finned tubes. Two of the 
tube types used in the experiments were commercially available (Tubes A and 
B, in the experiments) while the other two tubes were new types of finned 
tubes that had been theoretically developed and specially manufactued by 
Wieland-Werke AG (Tubes C and D). The new finned tubes differed from the 
commercially available tubes in several ways. Both the radius of curvature at 
the fin tip and the thickness of the fin at the fin root were much smaller than 
the commercially available tubes. Also the fin pitches of the new finned tubes 
were smaller than the pitches of the commercial tubes. The changes made by 
Wieland-Werke in the finned tube design therefore produced tubes that had 
straighter fins with more rounded tips and a greater fin density. For 
comparison purposes all of the above tube types were mounted into in-line 
bundles of 45 tubes (3 columns x 15 rows) that had identical transverse and 
longitudinal pitches of 22mm. In order to simulate the effects of vapour shear, 
Honda et al (196) varied the inlet vapour velocity of both the CFC-1 1 (0.93 
m/s to 9.79m/s) and the HCFC-123 (0.95 m/s to 7.18m/s). The inundation 
effects were simulated by re-cycling condensate through the top two tubes in 
the tube bundle and varying the cooling water temperature from 291.6 K to 
319.4 K and 298.7 K to 316.8 K when the condensing fluids CFC-11 and 
HCFC-123 were used respectively. 
The results of the experiments showed that in all cases the two new finned 
tube designs transferred more heat than both of the commercially available 
finned tubes. The test results also showed that the heat transfer results using 
HCFC-123 for a conventional 26 fins per inch (fpi) low fin tube were 
approximately 10% less than similar results obtained using CFC-11. With 
respect to heat transfer enhancement due to vapour shear, Honda et al (196) 
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found that the enhancement for finned tubes was much less than that of 
smooth or plain tubes. It was also found that most of the enhancement in the 
finned tube bundles took place on the top row and then decreased sharply with 
increasing row number. These results were consistant with earlier work by 
Honda et al (191) and Chu and McNaught (194). Honda et al (196) also 
compared the experimental results for the conventional finned tubes with 
theoretical predictions obtained from a previously developed model (189). 
Good agreement between the results was found when a low vapour velocity 
and a small inundation rate were used. 
In a recently published paper, Chu and McNaught (197) developed an equation 
that could be used to predict the heat transfer performance of a bundle of 
finned tubes affected by vapour shear and inundation. The new correlation, 
Eqn (2.96), is an extention of the model developed by Rose (174) for single 
finned tubes and takes the form of an enhancement ratio. 
Ea = 
(h= 
= CEeT 
Dro 3ia(Reg)-0.38(Ref)-0.09 (2.96) hpnFTD FTD 
The constant C is to accommodate the fact that the two Reynolds Numbers are 
an order of magnitude apart. The theoretical results obtained using the 
developed equation were compared with previous experimental data recorded 
by Chu and McNaught (194), (195). The results of this comparison showed 
that Eqn (2.96) could predict the experimental results of bundles of 448 fins 
per meter (fpm), 748 fpm and 1058 fpm finned tubes to within a standard 
deviation of 10%. The equation however was found to underpredict the 
experimental results of the 1406 fpm tube bundle by an average of 30%. 
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2.6 Computational Fluid Dynamics 
2.6.1 History and Development 
In addition to the experimental and theoretical work examined in the literature 
survey (Sections 2.1 to 2.5) a further review of published papers involving the 
use of Computational Fluid Dynamics and heat exchangers was carried out. 
Computational Fluid Dynamics (CFD) is a computer based method of 
simulation that can be used to analyse the movement of fluids and the transfer 
of heat. CFD was originally developed in the 1960's for use in the aerospace 
industry and since then the simulation techniques have been successfully used 
in a great number of applications. CFD simulations have been used to reduce 
manufacturing lead times and the cost of new designs, model the performance 
of systems under conditions where experimentation would be costly and 
hazardous to human health and to provide an almost unlimited level of detail 
in the calculated results. Typical examples of CFD applications include 
examining the combustion and heat transfer that takes place in automobile 
engines, determining the flow of blood through both veins and arteries as well 
as predicting the weather (198). 
The use of CFD techniques to simulate the performance of a heat exchanger 
was first carried out by Patankar and Spalding (199) at Imperial College in 
1972. Patankar and Spalding (199) developed a numerical procedure that was 
used to calculate the behaviour of a five pass shell and tube heat exchanger 
(with two baffles) operating under a variety of steady state and transient 
conditions. Although no attempt was made to compare the the results of the 
predictions with experimental data from a practical heat exchanger, the 
calculations presented in the report successfully demonstrated both the 
flexibility and validity of the developed numerical procedure. 
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Patankar and Spalding (200) later used the above numerical method (199), in 
conjunction with Atomic Energy of Canada Ltd (AECL), to simulate the 
operation of nuclear steam generators. This collaberation led to the 
development of a computer code used by AECL called THIRST. Following 
the development of the THIRST code Spalding (201), in conjunction with 
CHAM Ltd, produced two further computer codes called HELIOS and 
CALIPSOS for Combustion Engineering and Kraftwork Union respectively. 
These two initial computer codes provided the basis for the future 
development of a wide variety of commercial software packages such as 
PHOENICS, FLUENT, FLOW3D and STAR-CD. 
The numerical procedure initially developed by Spalding and Patankar (199) 
made use of the finite-difference method, which is one of three solution 
methods used in CFD codes. The other two solution methods are called the 
finite-element and the finite-volume methods. Detailed explanations of the 
three solution methods are available from a variety of sources (202), (203) and 
are beyond the scope of this chapter. 
For the purposes of this investigation, the finite-volume method was selected 
in order to develop a CFD model (Chapter 3) that could generate theoretical 
results for comparison with the experimental data collected using the apparatus 
described in Chapter 4. While both the finite-difference (204) to (210) and the 
finite-element (211) to (213) solution methods have been successfully used to 
simulate the performance of heat exchangers, the decision to use the 
finite-volume solution method was arrived at for two reasons. Firstly the 
finite-difference method must be used with a grid of points which must be 
topologically rigid. This type of rigid grid can be limiting when modelling 
complex shapes unlike the grids employed by the finite-volume solution 
method. The second reason was that the finite-element method produces 
equations for each element in a grid independently of all other elements. The 
finite-volume method on the other hand produces equations for a single 
element in a grid through the use of reference values from adjacent elements. 
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For the above reasons only research papers applying the finite-volume method 
to the simulation of heat exchangers were examined. 
2.6.2 The Finite-Volume Method and Heat Exchanger Applications 
In an attempt to simulate the performance of a power station condenser, 
Al-Sanea et al (214) carried out a series of computational experiments using a 
general purpose CFD computer code called PHOENICS. The PHOENICS 
code was used to predict the two-dimensional, single phase flow and heat 
transfer in an experimental condenser unit that was owned and operated by 
NEI-Parsons Ltd. In this investigation, it is important to note that the steam in 
the condenser flowed horizontally across the heat exchanger tubes and not 
vertically downward over the tubes. Although the direction of fluid flow was 
different from that of the experiments in the present investigation, examination 
of this paper has merit in that it provides useful information about the accuracy 
of modelling heat exchangers. 
The PHOENICS model used equations for the conservation of momentum in 
the z and y directions, steam concentration and mass continuity in order to 
provide values for the steam velocity in both the z and y directions, the steam 
concentration and the steam pressure. The amount of heat transferred from the 
steam to the heat exchanger was calculated by combining the equations for 
heat and mass transfer to produce a new equation, Eqn (2.97). 
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Using these equations, Al-Sanea et al (214) carried out five runs with the CFD 
model using a grid that had 11 x 20 cells in transverse and axial directions 
respectively. The five runs that were carried out were as follows: 
. Fixed density, viscosity, conduction and temperature of the condensate 
. Variable density alone 
. Variable viscosity alone 
. Variable heat transfer alone 
. All variable options activated 
The first run with the fixed components was referred to as a "simple" model 
where as the run with all varying options was referred to as a "complete" 
model. The results of these runs were compared with experimental data from 
the NEI Parsons condenser in order to validate the performance of the CFD 
model. All of the models tended to overpredict the heat flux at the periphery of 
the tube bank and the best agreement between the theoretical and the 
experimental data (15% maximum deviation from experiment) was found 
using the "complete" model. By comparing the models with each other, 
Al-Sanea et al (214) found that the local heat transfer coefficient was the most 
important factor in moving the theoretical predictions closer to the 
experimental results. It was also found that allowing the density to vary locally 
made no difference to the outcome of the theoretical results. Varying the 
viscosity was found to have a very slight influence, reducing the heat flux at 
the inlet to the heat exchanger by 2 kW/m2. 
Al-Sanea et al (215) later extended the original CFD model by adding a 
facility for simulating two-phase flow. The two phases in the revised CFD 
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model were steam and condensate in the form of droplets. Al-Sanea et al 
(215) were able to model the flow of condensate in the two-phase CFD model 
through the addition of momentum and volume fraction equations for the 
condensate and by making a number of assumption regarding the physical 
behaviour of the components present. Assumptions made by Al-Sanea et al 
(215) included the proportion of liquid existing as a film compared to droplets, 
the amount of drainage along the tubes, the condensate film thickness on the 
tubes and the interaction of the dispersed condensate present in the steam with 
the condensate film on the tube surface. The theoretical results of the 
two-phase CFD model were compared to experimental data obtained from an 
condenser unit operated by NEI-Parsons Ltd in a similar manner to the 
previous CFD study carried out by Al-Sanea et al (214). The agreement 
between the experimental and the theoretical results was found to be generally 
good with some under-prediction of the experimental heat transfer results in 
the upper half of the tube nest. It was also found that when the interphase drag 
was increased (ie a stonger coupling between the condensate and the steam by 
simulating smaller droplets) the theoretical predictions showed much closer 
agreement with the experimental data. Based on the interphase drag results 
Al-Sanea et al (215) concluded that the condensate behaviour in dispersed 
form may play an important role in counteracting and in some regions may 
result in an enhancement of heat transfer in excess of the reduction caused by 
inundation. 
Jureidini et al (216) (like Al-Sanea et al (214), (215)) also developed a CFD 
model to investigate the operational behaviour of an industrial sized steam 
condenser. The developed model employed the finite-volume solution method 
with the standard Version 1.5.1 of the PHOENICS solution algorithm (217) 
and provided results for three dependant variables, which were pressure, gas 
mixture velocities and the air mass fraction. This model was superior to that of 
Al-Sanea et al (214), (215) in that it could provide a three-dimensional 
simulation of condenser operations. 
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Jureidini et al (216) examined the steam/water heat transfer coefficient, the 
cooling water temperature, steam concentration and the air-concentration at 
selected planes in the condenser by assuming that a steady, three dimensional, 
turbulent, compressible two-phase flow took place through a condenser unit. 
From these simulations it was determined that maximum heat transfer 
between the steam and and water occured in two locations in the condenser, 
just below the inundation trays and at the top of the tube nest. As a result of 
the ability of the model develped by Jureidini et al (216) to accurately predict 
the performance of a power station condenser unit in three-dimensions, GEC 
Alsthom have adopted the model to analyse operational condenser units as 
well as carry out cost-effective parametric investigations to improve the design 
of future condensers. 
Yau et al (218) later validated the CFD model of Jureidini et al (216) by 
carrying out a two dimensional analyses of a Delas condenser unit and 
comparing the results with a well established 2-D computer code called 
"CALICO" (207). In addition to the validation exercise Yau et al (218) also 
carried out a study to determine the optimum computational mesh required to 
to resolve the geometrical features of a Delas condenser. In the two 
dimensional analysis four computational meshes were examined, 30x40, 
60x80,90x120 and 120x160 cells. It was determined that the 30x40 mesh was 
too coarse to accurately predict the outside heat transfer coefficient while the 
90x120 mesh was found to provide good, accurate results. The two dimesional 
study showed that the "GECOND" CFD code (216) produced theoretical 
results that had very good agreement with the "CALICO" CFD code for both 
the heat transfer coefficients and the static pressure contours through the tube 
nest. These results, shown in the form of two test cases, demonstrated that the 
"GECOND" CFD model developed by Jureidini et al (216) was a robust and 
flexible code that could be used to accurately simulate the performance of 
power station condensers. 
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In contrast to the work carried out with industrial sized condenser units (214), 
(215), (216), (218), Beale and Spalding (219) studied the effect that transient 
fluid flow had upon a small bank of in-line condenser tubes. This study was 
carried out using an orthagonal grid of 80x80 cells per module and a 
PHOENICS finite-volume computer code that was based on the the SIMPLE 
algorithm developed by Patankar and Spalding (199). With the above CFD 
code and by assuming both cyclic and anti-cyclic boundary conditions, Beale 
and Spalding (219) modelled the steamlines as well as the pressure and 
temperature contours of fluid flowing (Re= 100,300,1000 and 3000) 
horizontally across the tube bundle. By examining the streamlines between the 
tubes in six different time steps Beale and Spalding (219) determined that a 
counter-clockwise vortex was initially formed between the tubes in the bundle. 
As the vortex moved into a more central position between the tubes a second, 
smaller clockwise vortex was formed. This newly formed clockwise vortex 
then detached from the upstream tube and moved to fill the entire inter-tube 
space. In the process of moving from the upstream tube the clockwise vortex 
induced the formation of another counter-clockwise vortex. As the formation 
of the counter-clockwise vortex took place the clockwise vortex was 
simultaneously destroyed. 
The alternating formation of these counter-clockwise and clockwise vortices 
between the tubes in the bundle was found to have a dramatic effect upon the 
pressure and temperature distributions around the tubes in the bundle. The 
pressure simulations revealed that there was only one high pressure region 
present between the tubes. This high pressure zone was present on the opposite 
tube face to where a given vortex was being destroyed. In addition to this high 
pressure zone a series of low pressure zones were also associated with the 
vortices. With respect to temperature, as each of the vortices were formed 
cold fluid from the free stream flow was pulled into the space between the 
tubes and mixed with hotter fluid near the surface of the tubes. The alternate 
swirling motion of the vortices also caused substantial mixing of both the 
free-stream and inter-tube fluids and resulted in more effective heat transfer. 
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Beale and Spalding (219), in addition to their flow visualisation work, also 
examined the local heat transfer coefficients at various point around the 
circumference of the tubes and found that the maximum local heat transfer 
coefficient was located at the front of the tube near the attatchment point of the 
vortices. 
In conjunction with British Gas plc (now BG plc), Malalasekera et al (220) 
were the first researchers to model the performance of a secondary heat 
exchanger in a condensing boiler using the finite-volume method. The heat 
exchanger examined in this study was non-standard and consisted of six tube 
layers that were arranged in a cross-matrix manner, Figure (2.8). Each of the 
six tube layers consisted of 32 tubes that were 200mm in length and had an 
outside diameter of 4.8mm. The transverse and longitudinal pitches of the 
tubes in the heat exchanger were 5.8mm and 13mm respectively and the 
overall dimensions of the heat exchanger were 200mm x 200mm x 60mm. 
The simulations of the heat exchanger were carried out using a CFD model 
that contained the SIMPLE solution technique (203). The solution technique 
solved equations for continuity, momentum and heat transfer and in this 
application was used in conjunction with a fine Cartesian grid which contained 
85 x 85 x 33 cells. 
Based upon consultations with British Gas plc (now BG plc), Malalasekera et 
al (220) made a number of assumptions regarding the inlet conditions of the 
flue gas entering the heat exchanger. It was assummed that the inlet and tube 
wall temperatures were 170°C and 40°C respectively, the density of the flue 
gas was 0.0797 kg/m3 and the mass flow rate was 8.24 x 10'3 kg/s. With these 
assumptions, simulations were carried out to examine both the velocity and 
temperature fields of the flue gas within the heat exchanger as well as the heat 
transfer performance of the exchanger. 
Although the velocity of the flue gas was steady at entry to the heat exchanger 
it was determined that the velocity components were very small and changed 
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rapidly as the flue gas flowed through the exchanger. This was due to the 
three-dimensional nature of the heat exchanger which forced the flue gas flow 
to change perpendicularly as it passed from one tube layer to another, Figure 
(2.9). Most of the heat transfer in the heat exchanger took place in the central 
part of the first two rows of the matrix where the temperature difference 
between the flue gas and the cooling water was greatest. In subsequent tube 
rows the temperature field was observed to follow a pattern very similar to 
that of the velocity field. It was observed that a large amount of heat transfer 
also took place at the wall ends between the edge of the heat exchanger tubes 
and the outer casing of the boiler. This was due to higher temperature gas 
escaping from the wider gaps and giving rise to a larger temperature difference 
for heat transfer. This result showed that there was a direct relationship 
between the flow features of a heat exchanger and the resultant heat transfer. 
The predicted results for the temperature distribution were also compared with 
measured data provided by British Gas plc (now BG plc). The theoretical 
results were found to agree well with the measured data, points A, B, C and D 
on Figure (2.10). The results of this study led Malalasekera et al (220) to 
conclude that the use of CFD techniques can facilitate the calculation of 
complex three dimensional flows and heat transfer characteristics in order to 
gain greater understanding of non-standard heat exchanger performance. 
2.7 Outline of Present Research 
In Chapter 1, an examination of available literature showed that condensing 
boilers can provide high operating efficiencies compared to conventional 
boilers and attractive payback periods of investment through low annual 
running costs. It was also been shown (Section 1.2.5) that although a 
considerable amount of work has been carried out on performance evaluation, 
materials testing and computer modelling of condensing boilers, no work to 
date has been carried out to try and improve the heat transfer performance of 
the secondary heat exchanger in a condensing boiler. 
124 
A further literature search with respect to heat exchangers and their associated 
phenomenum, such as vapour shear and inundation was carried out (Chapter 
2). This literature survey showed that improvements in heat transfer 
performance could be obtained through increased vapour velocity and through 
the use a novel enhanced heat exchanger tube called the roped or spirally 
indented tube. Based on this information it was decided to carry out 
experiments to examine the performance of roped tubes in the secondary heat 
exchanger in a condensing boiler and to determine the effects that increased 
vapour velocity would have upon a condensing heat exchanger. 
The main aims of the present investigation were therefore as follows: 
1) Evaluate the performance of roped tubes in the secondary heat exchanger of 
a condensing boiler. 
2) Evaluate the performance of roped tubes used in conjunction with finned 
tubes to form a hybrid heat exchanger. 
3) Examine the effects of vapour velocity on the secondary heat exchanger of a 
condensing boiler. 
In order to carry out this study an experimental facility was designed and 
fabricated at the Gas Research and Technology Centre. This test rig consisted 
of two major components, an experimental heat exchanger and the equipment 
necessary to supply steady flows of both flue gas products and return water at 
various temperatures (Chapter 4). 
In addition to the experiments carried out in this investigation an attempt has 
been made to simulate the heat transfer performance of a secondary heat 
exchanger using both existing theory and a computational fluid dynamics code 
called COBRA. The general theory as well as the modifications made to the 
code are discussed in Chapter 3. 
125 
r 
9 
tL 
ýv 
1 
1ý 
tt 
kw 
(a) Vertical plate 
Ir 
I 
/ 
1 il+n , 
t. 
r' 
rý TS 
7 
(b) Horizontal tube 
Figure 2.1: Coordinate System for Condensation on Flat Plates and Horizontal Plain 
Tubes (172) 
! dý 
iý 
Figure 2.2: Condensate Film on Horizontal Tubes (224) 
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Figure 2.3: Typical Roped Tubes (153) 
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Figure 2.4: Typical Roped Tube Configurations with the Various Geometric 
Characteristics (53) 
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Figure 2.5: Cross Sectional View of the Profile of a Roped Tube (53) 
Figure 2.6: Typical Finned Tube Geometries used with Circular Tubes (58) 
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Figure 2.8: Schematic Diagram of the Cross Matrix Heat Exchanger (220) 
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Figure 2.10: Temperature Distribution in the Cross Matrix Heat Exchanger (220) 
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CHAPTER 3 
CFD Modelling 
3.1 Introduction 
This chapter continues the examination of CFD, begun in Chapter 2. by 
providing both a brief overview of the major components of commercial CFD 
packages and by focusing on the Cobra CFD package presently used within 
BG plc. It is important to note that although the Cobra CFD code has been 
modified to predict the performance of heat exchangers in a condensing boiler, 
the theoretical work in this thesis is of secondary importance compared to the 
collection and evaluation of experimental data. 
3.2 Components of CFD Software Packages 
Commercially available CFD packages, such as PHOENICS, FLUENT, 
FLOW3D and STAR-CD, are all similar in that they contain three main pieces 
of software, commonly referred to as the pre-processor, the solver and the 
post-processor. 
The pre-processor in the above CFD packages is the interface between the user 
and the solver or numerical algorithm of the code. The pre-processor is 
employed by the user to define a problem. The exact operations that the user 
will be required to carry out in order to define a problem will, of course, vary 
between software packages but typically will involve the following steps 
(202): 
" Definition of a grid of points, volumes or elements 
" Definition of the geometric boundaries 
" Application of boundary conditions 
" Specifying the initial conditions 
" Setting the 
fluid properties 
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. Setting the fluid properties 
. Setting the numerical control parameters 
When the user has completed the definition of the problem, the pre-processor 
transforms the information the user has inputted into a format that is suitable 
for the solver to interpret and then relays that information to the solver. 
Although it is relatively straight forward for the user to input information into 
the pre-processor, it is important to note that considerable engineering 
judgement must be exercised at this stage of the problem solving process in 
order to obtain a suitable balance between the accuracy and cost of the 
solution. 
The solver of a commercial CFD package is the engine within the software 
where the calculations required for the solution of a problem are carried out. 
The numerical algorithm or solver used by finite-volume method CFD 
packages (Section 2.6.1) must work through three main steps in order to solve 
a user defined problem. These computational steps are as follows (198): 
. Integration of the governing fluid flow equations over all of the control 
volumes located within the computational domain. 
. Discretisation or conversion of the integral equations into a system of 
algebraic equations. 
. Solution of the converted system of algebraic equations through the use of 
an iterative method. 
Once the iterative method has satisfied pre-set convergance criteria, the 
resulting data is then interpreted through the use of a post-processor. A 
post-processor usually consist of a graphics terminal that allows the user to 
visually examine the calculated output. Typical visualisation methods (198) 
include: 
. Pressure, temperature and velocity vector plots 
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" 2D and 3D surface plots 
" Domain geometry and grid display 
" Line and shaded contour plots 
" Particle tracking 
This section has intentionally provided only a brief outline of the main 
components and the general operation of computational fluid dynamics, as the 
main focus of the present work is the evaluation of four different heat 
exchangers located in a condensing boiler (Chapter 4). Should the reader be 
interested in obtaining specialist knowledge regarding the use of CFD codes, 
which is beyond the scope of this thesis, he or she is referred to references 
(198), (202) or (203), all of which will provide a useful starting point. 
3.3 Cobra 
The CFD software package presently in use at BG plc (formerly British Gas 
plc) Research & Technology is called Cobra. The Cobra CFD package was 
developed in 1990 through collaboration between the former Midlands 
Research Station of British Gas plc and a software company from Leeds called 
Mantis Numerics (221). British Gas plc underwrote the development costs of 
the project and Mantis Numerics produced a CFD package that was based on 
the finite-volume (202), (203) solution method. Subsequent coding, such as the 
chemistry involved in the combustion process was later added at Research & 
Technology in order to carry out safety research on both high and low pressure 
offshore systems.. I. ý* 
The Cobra CFD package is a very versatile code in that it can solve problems 
in 1,2 or 3 dimensions, where the fluid is viscous or inviscid and the flow 
pattern is either steady or unsteady. The code can also solve problems where 
turbulence is present in a system and through additional scalar modules, 
represent the composition fractions of reacting gases (222). 
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In addition to its versatility the Cobra CFD package is also economic to use. 
This economy is provided through the use of an adaptive grid system, 
contained within the computational kernel, developed by Mantis Numerics 
(221). The adaptive grid system reduces the computational time (and therefore 
cost) required to reach a solution by only adding extra cells to those regions of 
a problem where the user requires a high degree of accuracy and by using 
fairly coarse grids where a lesser degree of accuracy is sufficient. The above 
distribution of cells in a given CFD model is achieved through the use of 
hierarchical grid refinement, where accuracy is improved by repeatedly 
halving the cells of the base grid. 
3.4 Cobra HX 
The original Cobra CFD code was later modified at BG plc Research & 
Technology to specifically analyse the transfer of heat from hot combustion 
products (i. e. flue gas) to the water flowing through the heat exchanger of a 
domestic boiler (223). The new CFD model, Cobra HX, contained the same 
computational kernel and adaptive grid system as the original CFD model as 
well as an enhanced command interpreter (pre-processor). The command 
interpreter was modified using a combination of work carried out at Research 
& Technology (43), (49) and existing heat transfer theory (45), (55). These 
modifications gave a user the ability to define an array of tubes in order to 
simulate a heat exchanger and to specify input data such as the flue gas mass 
flow, the flue gas velocities in both the x and y directions, the coolant inlet 
temperature and the coolant mass flow. With the above input data the Cobra 
HX model could be used to solve 2-dimensional steady state problems where 
no condensation took place on the outside surface of a plain tube heat 
exchanger. 
The heat transfer that took place inside the heat exchanger tubes of the 
defined array was determined through the use of the Dittus-Boelter (55) 
equation, Eqn (2.84). The outside heat transfer coefficient and subsequently 
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the amount of heat transferred by the array of heat exchanger tubes, however 
was more complex and had to be determined through the use of an iterative 
process. 
The outside heat transfer coefficient calculation process was carried out by 
fixing a mass flow (M,, ) rate, assuming an initial value for the cooling water 
inlet temperature (Tin), and also assuming that the amount of heat transferred 
by the flue gas to the heat exchanger was zero (Q=0.0). With a known mass 
flow rate (Me, ) and the above assumptions it was then possible to calculate the 
heat gain and the outlet temperature (T0) of the cooling water flowing through 
the heat exchanger with Eqn (3.1). 
Tour T1 + Q/(M, 1Cp l) (3.1) 
The specific heat capacity (Cp,, ) in Eqn (3.1) was determined in a sub-routine 
of the CFD model, dedicated to calculating the physical properties of water. 
With the calculated value of the outlet cooling water temperature (T0 , ), the 
average temperature of the cooling water in the heat exchanger (Tm) was then 
evaluated using Eqn (3.2). 
T. = 0-5* (T0 , +T,. ) (3.2) 
The next step in the iterative process was the calculation of the cooling water 
temperature on the inside surface (T,,; ) of the heat exchanger tubes. This was 
achieved using the average cooling water temperature (Tm), the inside heat 
transfer coefficient (calculated using Eqn (2.84)), the inside surface area (A; ) 
of the tube, calculated using the tube specification data outlined in Section 
(4.3), and Eqn (3.3). With the inside tube wall temperature (Tý; ), the outside 
Tom; = Tm+ (3.3) 
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surface temperature (T,,, 0) of the tube wall was subsequently calculated using 
Eqn (3.4). The thermal conductivity of the tube wall (Ra, ) was taken from the 
T,, 0 = QRwai, + Tom; (3.4) 
user specified data of the data file, Section (3.6). The final calculation of the 
iterative process was to determine the amount of heat transferred (Q) by the 
heat exchanger tube. This was carried out through the use of Eqn (3.5). 
Q= hoAo(Tgas TWO) (3.5) 
The value for the outside heat transfer coefficient (ho) was calculated using 
theory developed by Lux (45) and the A. value was evaluated from the tube 
specification data outlined in Section (4.3). The value for the flue gas 
temperature (Tg. ) came from the GAS module of the Cobra computational 
kernel. 
The above process is carried out for all of the tubes in the heat exchanger 
being modelled in order to determine the surface temperature (T,,, ) and the 
amount of heat transferred (Q). This information is then passed back to the 
GAS module of the Cobra computational kernel and combined with the fluid 
solution where a new value of the gas temperature is calculated (Teas). With the 
new gas temperature the iterative process is repeated (ie calculations carried 
out using Eqn's (3.1) to (3.5) for all of the tubes in the heat exchanger). 
3.5 Modifications to the Cobra HX CFD Code 
The Cobra HX model, outlined in Section (3.4), was developed initially to 
analyse the heat transfer process that took place when the hot flue gases from 
a gas-fired boiler flowed over a heat exchanger. The model was used to 
simulate, in 2-dimensions, the steady state operation of a plain tube heat 
exchanger when no condensation of liquid from the combustion products took 
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place. In the present study the Cobra HX model was subsequently modified to 
include several new equations to calculate both the heat transfer coefficient 
inside the heat exchanger tubes, Section (3.5: 1), and the heat transfer 
coefficient for the outside surface of plain tubes when condensation took 
place, Section (3.5.2). The Cobra HX model was also further enhanced 
through the addition of equations to evaluate the performance of roped and 
finned tubes in both the condensing and non-condensing regimes, Sections 
(3.5.3) and (3.5.4) respectively. 
3.5.1 Additional Methods for Calculating the Inside Heat Transfer 
Coefficient 
In the original Cobra HX model, the Dittus-Boelter (55) equation, Eqn (2.84), 
was used to calculate the inside heat transfer coefficient (h) of plain tubes. 
Two further equations for use with plain tubes and one for use with roped 
tubes have been added in an attempt to provide greater accuracy in heat 
exchanger simulations. The first of the two plain tube equations, Eqn (3.6), 
Nu = 0.027Re08Pr[µ jlo"la 
(3.6) 
was developed by Sieder and Tate (56). This equation has the same general 
form as the Dittus-Boelter (55) equation, Eqn (2.84), but was derived for use 
when the viscosity of the fluid was sensitive to temperature. The viscosity 
term (µ) in the above equation was calculated using the mean cooling water 
temperature (Tm) and the (µw; ) term was evaluated using the cooling water 
temperature found .t the inside surface of the tube wall (T,,,; ). 
The second of the two new plain tube equations that were added to the Cobra 
HX model was developed by Petukhov (57). This equation, Eqn (3.7), 
n Nu = 
(f18)RePr ] 
3.7 ) 
1.07+ 12.7(f18)1/2 
µw (Pr 
-1)i 
where: 
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f= (1.82 log, 0Re -1.64)-2 
can be used to calculate the inside heat transfer coefficient (h; ) for fully 
developed turbulent flow in a plain tube. The values for the constant n in the 
above equation vary depending upon the mean (Tm) and inside wall 
temperatures (T,,; ) of the cooling water and are as follows: n=0.11 for Tw; >Tm 
and n=0.25 for T,,; <Tm. It should be noted that when using this equation all of 
the physical properties are evaluated at the mean cooling water temperature 
(Tm) with the exception of the viscosities. 
In order to calculate the inside heat transfer coefficient (h) of roped tubes the 
equation, Eqn (2.87), developed by Rabbas (156) was added to the Cobra HX 
model. This equation was empirically derived through the use of a heat 
exchanger database that contained 458 experimental data points. The 
developed equation successfully predicted 98% of the above experimental 
results to within +/- 30% and 67% of the results to within +/-10 %. 
The inside heat transfer coefficient of finned tubes was calculated using the 
equations developed by Dittus-Boelter (55), Sieder-Tate (56) and Petukhov 
(57) as the inside surface of the finned tubes was smooth like that of the plain 
tubes. 
3.5.2 Evaluating the Performance of Plain Tubes 
The initial Cobra HX model made use of theory developed by Lux et al (45) to 
calculate the outside heat transfer coefficient of a plain tube. This theory 
however, was subsequently replaced with an equation (Eqn (2.5)) developed 
by Mineur and Dunstan (72) as it was found to provide more accurate results 
(49). In an attempt to further improve the accuracy of the theoretical solution 
method for the non-condensing regime, two further equations were added to 
the Cobra HX model. These equations were developed by Churchill and 
Bernstein (71) and Kays and London (73) respectively. 
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The equation developed by Churchill and Bernstein (71), Eqn (2.4), was 
empirically derived using a single plain tube and was valid when the Reynolds 
Number (Re) was within the following range, 102<Re<10'. The Kays and 
London (73) equation, Eqn (2.6), was also derived empirically, but had a 
different form and was for use with staggered bundles of plain tubes over a 
much smaller range of Reynolds Numbers (Re), (300<Re<15,000). 
In addition to the above non-condensing equations a further equation, 
developed by Fujii et al (85), was added to the Cobra HX CFD model. 
The addition of Eqn (2.21) by Fujii et al (85) gave the Cobra HX model the 
capability of analysing the performance of heat exchangers when condensation 
was present on the surface of plain tubes. 
3.5.3 Evaluating the Performance of Roped Tubes 
The performance of roped tubes in a condensing boiler was simulated using 
similar theory to that outlined in Section (3.5.2). To calculate the outside heat 
transfer coefficient when condensation was present on the surface of the tube 
Eqn (2.21), developed by Fujii et al (85), was used. This equation was selected 
as previous research in this field (137) has shown that the performance of 
roped tubes can be simulated, with reasonable accuracy, through the use of 
equations designed for use with plain tubes. With respect to simulating the 
performance of a roped tube in a non-condensing environment there are, at 
present, no published equations available, Section (2.4.1.1). As a result the 
outside heat transfer coefficient of roped tubes was calculated using the 
equations developed by Churchill and Bernstein (71), Mineur and Dunstan 
(72) and Kays and London (73), Eqn's (2.4), (2.5) and (2.6) respectively. 
The inside heat transfer coefficient for roped tubes was calculated using Eqn 
(2.87) which was developed by Rabbas et al (156), and discussed in Section 
(3.5.1). 
139 
3.5.4 Evaluating the Performance of Finned Tubes 
The outside heat transfer coefficient of finned tubes operating in the 
non-condensing regime was calculated using two new equations that were 
added to the Cobra HX model. The first of these two equations was a modified 
version of Eqn (2.5), which was developed by Mineur and Dunstan (72). 
Mineur and Dunstan (72) modified their original equation, Eqn (2.5), through 
the use of Eqn (3.8). This equation could be used to determine the equivalent 
De Dro+NfFT(FTD-Dro) (3.8) 
diameter (De ) of a plain tube necessary to provide the same outside surface 
area as the finned tube under investigation. Once the plain tube equivalent 
diameter (De) had been calculated the value was then substituted into the 
Reynolds Number (Re) in Eqn (2.5), (in place of a value for the outside 
diameter, Do) and the outside heat transfer coefficient was calculated in the 
manner outlined in Section (3.5.2). 
The second equation used to calculate the outside heat transfer coefficient (in 
the non-condensing regime) was Eqn (2.89), developed by Briggs and Young 
(161). This equation was derived using experimental data collected from 14 
different types of staggered bundles of finned tubes and was valid for 
Reynolds Numbers (Re) within the range 1100<Re< 18,000. 
In order to calculate the outside heat transfer coefficient when condensation 
was present on the outside surface of finned tubes, two distinct combinations 
of equations were used. The first combination of equations consisted of the 
equivilent diameter equation, Eqn (3.8), developed by Mineur and Dunstan 
(72) and the condensing equation for plain tubes developed by Fujii et al (85), 
Eqn (2.21). Using Eqn (3.8) the equivalent diameter of the finned tube (De) 
was first calculated. This calculated value was then substituted into Eqn (2.21) 
in place of the outside diameter (Do) and the outside heat transfer coefficient 
was calculated as outlined in Section (3.5.2). 
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The second method used-to calculate the outside heat transfer coefficient of 
finned tubes involved the equations developed by both Fujii et al (85) and 
Rose (174). The Rose equation, Eqn (2.92), provided an enhancement factor 
that was based on the geometry of the finned tube. This enhancement factor 
was then multiplied with the value for the outside heat transfer coefficient 
obtained for a plain tube through the use of Eqn (2.21). 
The inside heat transfer coefficient value for finned tubes was evaluated using 
the equations outlined in Section (3.5.1) as the inside surface of a finned tube 
was smooth like that of a plain tube. 
3.6 The Developed Model 
Through the addition of the equations outlined in Section (3.5) the Cobra HX 
CFD code was enhanced so that it was possible to simulate the heat transfer 
performance of plain, roped and finned tubes operating in either the 
condensing or non-condensing regime. This refined version of the Cobra HX 
model was subsequently used to theoretically simulate the results of a 
programme of experiments (shown on Figure (4.22)) carried out using four 
distinct heat exchangers, Chapter 4. These theoretical simulations were carried 
out using combinations of the equations that could be used to calculate both 
the inside and outside heat transfer coefficients for the heat exchanger tubes. 
To ensure that all of the possible combinations of equations and heat 
exchanger tubes were examined, using the modified Cobra HX code, a 
numerical experimentation programme (similar to the experimental 
programme shown on Figure (4.22)) consisting of 375 individual tests was 
devised. An example of the theoretical programme is shown in Appendix A 
for a plain tube heat exchanger in the non-condensing mode of operation. In 
order to carry out the 375 Cobra HX runs a separate and distinct data file had 
to be created for each one of the possible combinations. 
In setting up a data file a large amount of input data was required from the 
user. A considerable amount of this input data however, did not change once it 
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had been initially input. Using the example data file in Appendix B, the user 
had to initially define the level of heirarchical grid refinements to be carried 
out, the cartesian 2-dimensional geometry, as well as input data about the fluid 
flowing through the heat exchanger (see the GAS section of the data file). 
Once this was complete a series of initial default values such as the heat 
exchanger tube length, outside diameter and thermal conductivity were 
required in the USER section of the data file. In addition to the above default 
information, the user was also required to provide information about the inlet 
temperature and mass flow of the cooling water (Table 3.1) entering the heat 
Table 3.1: Inlet Temperature and Mass Flow of Cooling Water 
Inlet Temperature of the 
Cooling Water (K) 
Mass Flow of Cooling Water 
(kg/s) x 104 
308.00 828.29 
313.00 827.19 
318.00 825.05 
323.00 823.48 
328.00 821.42 
333.00 819.42 
exchanger and the effective open area between the heat exchanger tubes and 
the moveable inserts (Section (4.2)) when the inserts were at their widest 
(Table 3.2) and narrowest (Table 3.3) positions relative to the tubes. 
Table 3.2: Flow Information for Heat Exchangers set to the "Wide Condition" 
Heat Exchanger Effective Open Area 
(m2) x104 
Velocity (m/s) 
Plain 150.00 0.80 
Roped 150.00 0.80 
Finned & Plain 202.34 0.58 
Finned & Roped 202.34 0.58 
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Table 3.3: Flow Information for Heat Exchangers set to the 
"Narrow Condition" 
Heat Exchanger Effective Open Area 
(m) x 104 . 
Velocity (m/s) 
Plain 30.00 4.00 
Roped 30.00 4.00 
Finned & Plain 82.34 1.45 
Finned & Roped 82.34 1.45 
All of the default informaton discussed so far is located on the first and second 
pages of the sample data file shown in Appendix B. The second, third and 
fourth pages of the sample data file contain information, as defined by the 
user, about the geometry of the computational domain, the inflow and outflow 
conditions of the gas flowing through the heat exchanger, the location and 
shape of the tubes in the heat exchanger as well as the convergence. 
The remaining part of the sample data file is where the user defines the 
detailed information required for each tube in the heat exchanger array in a 
given theoretical test run. In the present investigation five tubes were used to 
make up a heat exchanger (Section 4.3) and for each tube the following 
information was required: 
. Tube type 
. Tube position within the heat exchanger 
. Tube material 
. Outside diametet of tube 
. Wall thickness of tube 
. Inside heat transfer coefficient equation 
. Outside heat transfer coefficient equation 
. Reference location for the calculation of the flue gas properties 
Once the initial heat exchanger simulation in the data file was set up, a large 
number of computational runs were carried out. The calculated output from 
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these iterations was then send to a distinct data file. In order to minimise the 
amount of computational time used by the Cobra HX model, heat exchanger 
configurations using the same equations for the inside and outside heat transfer 
coefficients were grouped together. By grouping similar configurations, new 
data files could be created by simply changing the inlet temperature and mass 
flow of the cooling water (Table 3.1). 
All of the numerical simulations outlined in this section were carried out using 
a Silicon Graphics R4000 Unix workstation. The results of these simulations 
were subsequently compared with the experimentally recorded data for four 
distinct heat exchangers, Chapter 5. The apparatus, together with the test 
programme, that was used to obtain the experimental data for the heat 
exchangers is discussed in Chapter 4. 
I 
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CHAPTER 4 
Test Apparatus and Experimental Procedures 
4.1 Introduction 
In order to physically examine methods of enhancing the gas side heat 
transfer in the secondary heat exchanger of a condensing boiler, the 
construction of an experimental facility was necessary. The following 
sections detail the design criteria, instrumentation and procedures that were 
used to develop and operate the experimental system used in the present 
investigation. 
4.2 The Test Heat Exchanger 
To provide the necessary experimental data, a test heat exchanger had to be 
developed that would satisfy a number of design criteria. These were: 
1. The physical dimensions of the test heat exchanger should be such that 
the heat exchanger tubes were long enough to allow an adequate 
'returtrn' water temperature rise. 
2. The mass flow and velocity of the flue gas products flowing through 
the heat exchanger should be variable. 
3. The heat dxehanger should allow the use of different tube bundles. 
4. Visual observation of the experiments in progress should be permitted. 
S. The materials used in the construction of the heat exchanger should be 
resistant to corrosion caused by flue gas condensate. 
6. The 'return' water should travel in series flow upward through the heat 
exchanger tubes so that the largest possible temperature difference 
between the flue gas products and the 'return' water could be achieved. 
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7. The temperature rise of the 'return' water that flows through the heat 
exchanger should be monitored. 
8. The condensate produced by the heat exchanger should be collected 
and transported to a suitable collecting vessel and weighed. 
In order to satisfy the first design condition, the heat exchanger tubes, Section 
(4.3), used in the test section were 340mm long. This particular length of tube 
was similar to other condensing heat exchangers, such as the heat exchanger 
used in the Stelrad Ideal Turbo II, and allowed an adequate rise in the 'return' 
water temperature. 
The mass flow of the flue gas flowing through the heat exchanger (Design 
Criteria 2) was varied through the use of an iris. This iris was mounted on the 
air intake of an ELM Leblanc boiler, Section (4.4.1), and was used to regulate 
the amount of air flowing into the boiler for combustion purposes. 
Variation of the velocity of the flue gas (Design Criteria 2) flowing inside the 
test heat exchanger, Figure (4.1), was achieved through the use of two sets of 
moveable inserts. These inserts, shown in Figure (4.2) for the heat exchangers 
using either plain and roped tubes, were mounted inside the heat exchanger on 
either side of the heat exchanger tubes and were used to reduce the channel 
area through which the flue gas flowed. By reducing the flow area, the 
velocity of the flue gas was increased as the mass flow of a fluid is constant. 
The channel width inside the heat exchanger was set by measuring the centre 
to centre distance between the heat exchanger tubes and the half tubes 
mounted on the moveable inserts. Once the position of the inserts was set, the 
inserts were bolted in place, Figure (4.3). The half tubes mounted on the 
moveable inserts, Figure (4.2), did not have 'return' water flowing through 
them and were simply used to provide a realistic flow pattern of flue gas 
passing through a heat exchanger. 
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It should be noted that the flue gas was directed through the flue hood 
assembly, Figure (4.4), and into the channel created by the inserts, through the 
use of two connectors mounted on top of the inserts. The connectors, Figure 
(4.5), each had a length of 1.6mm diameter piano wire fixed to the back of the 
stainless steel sheet metal that formed the body of the connector. These 
lengths of piano wire were then slotted into holes drilled in the top of the 
moveable insert so that the connector was held firmly in place, Figure (4.6). 
Further lengths of piano wire (0.8mm diameter) were mounted on the bottom 
edge of the connector sections. These small lengths of wire were used to 
force the connector back against the inner walls of the flue hood and provide 
the channel through which the flue gas would flow. 
So that the heat exchanger could permit the use of various types of tubes, 
Section (4.3), two sets of endplates were made. The first set of endplates, 
Figure (4.7), were used in conjunction with both the plain and roped tubes. 
The holes for the tubes have a centre to centre distance of 24mm and were 
mounted on the ends of the heat exchanger using six 6.0 mm bolts. The 
second set of endplates, Figure (4.8), were used to secure the 'hybrid' heat 
exchanger, Section (4.3), which consisted of either finned and roped tubes or 
finned and plain tubes. The tube spacings for this set of endplates were quite 
different from the previous set of endplates. The three holes in the top of the 
endplates, shown in Figure (4.8), were used to mount the finned tubes, and 
had a centre to centre distance of 48mm. The two holes for the plain or roped 
tubes, located directly underneath the holes for the finned tubes, had the same 
centre to centre distance that was used in the previous set of endplates. By 
removing one set of endplates from the body of the heat exchanger and 
replacing them with another set or by re-tubing the endplates it was possible 
to make up four completely different heat exchangers, Section (4.3). 
In order to observe the behaviour of the flue gas and any condensate formed 
during the experiments (Design Criteria 4), polycarbonate was used to provide 
viewing ports. These viewing ports or windows were mounted on both the 
147 
outside wall of the heat exchanger, Figure (4.1), and on the moveable inserts 
adjacent to the outside wall. To maintain the flow pattern, polycarbonate half 
tubes were also mounted on the side of the moveable insert closest to the heat 
exchanger tubes that had the 'return' water flowing through them. 
Polycarbonate was used in these applications due to its durability and ease 
with which it could cut to size and have holes drilled into it for mounting 
purposes. 
When the temperature of flue gas is cooled sufficiently such that the dew 
point temperature of approximately 332 K (59°C) is reached (depending upon 
the aeration rate of the burner), condensate is formed on the surface of the 
heat exchanger tubes. Previous research, (8), has shown that the condensate 
formed can be highly acidic and can contain a mixture of hydrochloric, 
sulphuric and hydrofluoric acids. Further research, (33), (34), (35), (36), has 
also shown that aluminium and certain types of stainless steels can be 
resistant to the acids formed during flue gas condensation but that their 
effective life in condensing boilers is finite. Using this information, the 
experimental heat exchanger was constructed from 20mm thick aluminium 
plate (Design Criteria 5). The inserts, dummy half tubes and the connectors 
that were fitted into the inserts were all manufactured from stainless steel. 
The flue hood, the ducting between the ELM Leblanc boiler and the test heat 
exchanger, as well as the condensate collector, were all made from aluminium 
so that the effects of corrosion from the condensate would be minimised. 
So that the 'return' water could travel upward through the heat exchanger in 
series flow (Design Criteria 6), two sets of special waterway endplates were 
designed (Figure (4.9) shows the endplates for the plain and roped tube heat 
exchangers). These endplates were bolted on to the outside of the heat 
exchanger endplates (used to secure the tubes) through the use of six 6mm 
bolts and sealed against leakage with a nitrile gasket. The 'return' water 
entered and exited from these endplates through brass fittings that were 
connected to flexible armoured hoses. These hoses were in turn connected to 
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the copper pipework mounted on the experimental rig. 
From the entrance point at the bottom of the- heat exchanger the 'return' water 
was directed upward through the heat exchanger tubes by channels that were 
machined into the waterway endplates. Once the return water had flowed 
through all of the heat exchanger tubes, it was pumped back to a 300 litre 
storage tank, Section (4.4.2). 
With the waterway endplates, Figure (4.9), it was also possible to permit the 
monitoring of the return water temperature rise through the heat exchanger 
(Design Criteria 7). This was achieved by drilling and tapping 1/8" BSPT 
holes into the machined channels of the waterway endplate that directed the 
'return' water flow. Compression fittings with thermocouples, Section 
(4.5.1. ), were then fitted into these holes so that the temperatures could be 
measured and recorded using a Scorpio datalogger. 
In order to accurately measure the amount of condensate produced by the heat 
exchanger, it was necessary to provide a condensate collector, (Design 
Criteria 8). The collector unit that was designed, Figure (4.10), bolted onto 
the bottom of the heat exchanger using ten 6mm bolts and was sealed using a 
foamed PTFE gasket that was placed between the flanges of the heat 
exchanger and the collector. The bottom side of the condensate collector was 
angled, Figure (4.10), so that any condensate that was produced would 
naturally run into the 6mm diameter aluminium downpipe. From this 
downpipe, the condensate was channelled down plastic tubing into a glass 
beaker located on top of a gravitron weighing machine, Section (4.5.5), so 
that the mass of condensate produced could be measured. It is important to 
note that the flue gas exit duct fitted to the condensate collector was also 
angled. This angled section of aluminium ductwork was added to ensure that 
any water vapour that condensed on the ductwork itself flowed back into the 
condensate collector and was included in the condensate measurements taken 
using the gravitron weighing machine. 
149 
Once the fabrication of the heat exchanger (shown in exploded form in Figure 
(4.11)) was complete, the unit was fitted into the experimental system, 
Section (4.4) in order to carry out the test programme outlined in Section 
(4.6.1). 
4.3 Heat Exchanger Tubes 
In order to obtain a better understanding of the gas side heat transfer that takes 
place in the secondary heat exchanger of a condensing boiler, three types of 
tubes were used during the experimental programme, Figure (4.12). 
These tubes were used to form four distinct heat exchangers, each of which 
consisted of five tubes. The first heat exchanger was made up of a single 
vertical row of five plain tubes. The plain tubes were made from T316 
Stainless Steel and had a seam weld running along their 340mm length. The 
outside diameter of the plain tubes was 19mm and the wall thickness was 
lmm. These tubes were used in the experimental programme to provide 
control data against which the performance of the roped and finned tubes 
could be compared. 
The second of the four heat exchangers consisted of a single vertical row of 
five roped tubes. The roped tubes used in the present investigation were 
formed using seamless plain tubes that were made from 304 Stainless Steel. 
These originally plain tubes were converted to roped tubes using apparatus 
that mechanically indented grooves on to the outside surface without altering 
the outside diameter of the tube. As a result the roped tubes had the same 
length and outside diameter (340mm and 19mm respectively) as the plain 
tubes but the tube geometry, Figure (4.13), was quite different. The roped 
tubes had 3 grooves or starts that were 0.3mm deep and 1mm wide. The pitch 
of the grooves was found to be 5mm and the helix angle was 15°. All of the 
characteristics of the roped tubes were determined using a type PJ-250 
Mitutoyo Optical Comparator on 20 times magnification. 
150 
The third and fourth heat exchangers used in the experiments also consisted of 
five tubes. These heat exchangers, however, were hybrids that consisted of 
the previously described plain and roped tubes as well as finned tubes. The 
top three tubes of the hybrid exchanger were finned tubes while the bottom 
two tubes were either plain or roped. 
The finned tubes used in the hybrid heat exchangers were made up of two 
tubes that had been fitted together. The first or outer tube was made from 
aluminium and contained the finned geometry, Figure (4.14). The 
characteristics of a sample of individual fins were examined using the 
previously discussed Mitutoyo Optical Comparator. With this instrument it 
was determined that the thickness of aluminium at the top of the fin was 
0.2mm, compared to 1.2mm at the bottom of the fin. The spacing between 
the individual fins was found to be 3.20mm at the top of the fin and 2.5mm at 
the bottom or root of the fin. The fin root diameter and the fin tip diameter 
were found to be 21mm and 43.4mm respectively. The second or inner tube 
was fitted inside the outer aluminium tube, made of copper and had an outside 
diameter of 17mm. The wall thickness of this tube was 0.65mm, meaning 
that the diameter of tube through which the 'return' water flowed was 
15.7mm. Both the roped and finned tubes were generously supplied free of 
charge by Yorkshire Imperial Metals. 
4.4 The Experimental System 
The following sections detail the experimental system, Figure (4.15), that 
provided both the flue gas and the 'return' water to the test heat exchanger, 
Section (4.2) for the duration of the experimental programme, Section (4.6.1). 
4.4.1 Provision of Flue Gas 
The flue gas products necessary for conducting the experiments outlined in 
Section (4.6.1) were provided by a modified ELM Leblanc boiler, Figure 
(4.16). 
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The original boiler was a type GVM C23, ELM Leblanc wall mounted 
condensing boiler. This boiler was fan assisted and had a rated output of 
23kW. The Leblanc boiler was modified by firstly removing the secondary 
heat exchanger. The inlet and outlet pipework was then reworked so that the 
water inside the boiler only flowed through the primary heat exchanger. The 
hot water provided by the modified ELM Leblanc boiler was cooled using an 
Alpha Laval heat exchanger and the GRTC recirculated cooling water system. 
This water was cooled using the above method and then returned to the ELM 
Leblanc boiler in order to simulate realistic conditions under which the boiler 
would operate and to ensure that the primary heat exchanger did not overheat. 
The flow of water in this closed loop was achieved by using the pump that 
had been fitted into the boiler by the manufacturer and was measured using a 
rotameter, Section (4.5.2). 
The second major modification to the ELM Leblanc boiler was the 
re-direction of the flow of flue gas produced by the burner. This was achieved 
by cutting a hole in the side of the boiler casing and re-aligning the fan 
ductwork inside the boiler. 
The flue gas products that were produced by this modified boiler were then 
channelled through aluminium ductwork (to lessen the effects of corrosion) 
into the experimental heat exchanger. 
4.4.2 Provision of the 'Return' Water to the Test Heat Exchanger 
In order to implement the experimental programme, Section (4.6.1), it was 
necessary for the test apparatus to provide 'return' water over a range of 
temperatures (308 K to 333 K). The variable temperature of the return water 
was produced using a closed loop system, similar to the one used with the 
modified ELM Leblanc boiler. The water in the closed loop was first heated 
to a temperature of approximately 343 K using a Potterton Kingfisher II floor 
mounted boiler. From the Potterton boiler, the water was pumped into a foam 
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insulated 300 litre copper storage tank. From the storage tank, the water was 
then pumped through two Alpha-Laval heat exchangers using two Grundfos 
domestic circulating pumps that operated in parallel with each other, Figure 
(4.17). Using the GRTC recirculated cooling water, it was possible to 
regulate the temperature of the 'return' water as it flowed through the 
Alpha-Laval heat exchangers. 
Once the 'return' water had been cooled to the required temperature, it then 
passed through two rotameters, Section (4.5.2). These rotameters were used to 
set the correct flow rate of the return water before it entered the test heat 
exchanger tubes. 
After passing through the experimental heat exchanger the 'return' water 
flowed through copper pipework which contained an electric element heater. 
The electric heater was operated using a Eurotherm controller and used to 
regulate the temperature of the return water entering the 300 litre tank so that 
temperature stratification did not occur. 
4.5 Instrumentation 
4.5.1 Temperature Measurement 
During the experimental programme the temperatures of the flue gas, the 
'return' water and the GRTC recirculated cooling water were measured using 
type T and type I thermocouples and recorded using a model SI 3535D 
Schlumberger Scorpio datalogger, Figure (4.18). 
Both the type T and K thermocouples (23 in total) were calibrated to National 
Measurement Accreditation Scheme (NAMAS) standards by the Instrument 
and Calibration Section, Manufacturing Services Division, at the GRTC. The 
thermocouples were calibrated over the range 273 K to 473 K with calibration 
points taken at 273 K, 298 K, 373 K, 423 K and 473 K. 
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The type K thermocouples had a conductor combination of nickel chromium 
vs. nickel aluminium and had a recommended operating temperature range of 
273 K to 1373 K. These thermocouples were used to measure the 
temperature of the flue gas in the aluminium ductwork between the heat 
exchanger and the modified ELM Leblanc boiler, inside the heat exchanger 
and the flue gas exit channel which was located on the condensate collector. 
The type T thermocouples were made from a conductor combination of 
copper vs. constantan and had a recommended operating temperature range of 
88 K to 573 K. The type T thermocouples were used primarily to measure the 
inlet and outlet temperatures of the 'return' water as the water flowed through 
the test heat exchanger. The temperature of the water was also measured at a 
number of locations inside the waterway endplates, Section (4.2), so that the 
temperature rise across individual heat exchanger tubes could be determined. 
In addition to the above measurements, the type T thermocouples were also 
used to monitor the temperature of the hot water flowing around the closed 
loop of the modified ELM Leblanc boiler and the ambient air temperature in 
the laboratory. 
All of the thermocouples were made by TC Ltd. of -Uxbridge, England, had 
stainless steel sheaths and were 1.5mm in outside diameter. The 
thermocouples were fitted onto the experimental apparatus using 1/8" BSPT 
adjustable compression fittings. 
4.5.2 Natural Gas and Water Flow Measurement 
In order to accurately measure the amount of natural gas used by the modified 
ELM Leblanc boiler to generate flue gas, two Alexander Wright & Company 
20 litre wet meters were used. The natural gas supplied to the test rig flowed 
firstly through the bottom of the two wet meters, Figure (4.19). This wet meter 
acted as a saturator so that the natural gas flowing through the second wet 
meter, which measured the flow of natural gas, would not absorb any water. 
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This system of two wet meters in series ensured that the natural gas was fully 
saturated and as such the flow of gas could be accurately measured. 
The second of the two wet meters (i. e.. the top wet meter in Figure (4.19)) 
was calibrated in the Meter Calibration Laboratory, Manufacturing Services 
Division, GRTC. 
The flow of water through the two closed loops of the experimental apparatus 
was measured using three rotameters, Figure (4.20). The water that flowed 
around the closed loop that included the modified ELM Leblanc boiler was 
measured using a GEC - Elliott rotameter that had an operating range of 0.2 
m3/hr. to 1.8 m3/hr. Two rotameters were used to measure the amount of 
'return' water that was pumped from the 300 litre storage tank to the test heat 
exchangers. The rotameters were made by KDG flowmeters and Fisher 
Controls Limited and had operating ranges of 0.06 to 0.6 m3/hr. and 0.12 to 
1.3 m3/hr. respectively. These devices were used to set the 'return' water 
flowrate into the test heat exchanger 
All three rotameters were calibrated in-situ using a calibrated gravitron 
weighing machine (the calibration certificate for this instrument is located in 
Appendix C), a collecting vessel and a stop watch. Using the' measured data, 
calibration equations were determined for each flowmeter (Appendix C) using 
multiple regression analysis. 
4.5.3 Flue Gas Flow Measurement 
The flow of the flue gas products generated by the modified ELM Leblanc 
boiler was measured using a pitot tube and a microprocessor 
micromanometer, Figure (4.21). The pitot tube was located in the aluminium 
ductwork, approximately 18cm from the boiler casing and mounted using a 
'stuffing box' compression fitting. This compression fitting was similar to the 
1/8" BSPT fittings discussed in Section (4.5.1) only larger. 
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The pitot tube was connected to the microprocessor manometer using two 
rubber tubes so that a differential pressure could be measured. With this 
information and the physical properties of the flue gas (such as density) the 
microprocessor was able to calculate the mean flow rate of the flue gas. 
The microprocessor micromanometer was a model FCO510 type 1, made by 
Furness Controls Ltd., had a pressure range of 0 to 200 Pa and was capable of 
measuring velocities from 0 to 18 m/s. 
4.5.4 Flue Gas Analysis 
In order to analyse the chemical composition of the flue gas products 
generated by the modified ELM Leblanc boiler, a sampling probe was 
mounted inside the aluminium ductwork, downstream of the pitot tube. This 
probe was a hollow aluminium cylinder 6mm in diameter with four, 1 mm 
holes drilled at one centimetre intervals. The probe projected through the top 
of the aluminium ductwork and was linked to CO/CO2 and 02 analysers using 
rubber tubing. 
Two CO/CO2 analysers were used in the experimental programme. An ADC 
7000 CO/CO2 analyser was used during the first half of the experimental 
programme but, due to the operational needs of other projects at the GRTC, 
was not available for the remaining experiments. As a result an ADC 520 
Mkt analyser was used for the subsequent experiments. Both analysers were 
made by the Analytical Development Company of Hoddeson, England and 
measured both carbon monoxide (CO) and carbon dioxide (C02) over the 
following ranges: 
CO :0- 2500ppm 
C02: 0-3%: 0-15% 
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A Servomex oxygen (02) analyser was used to measure the percentage of 
oxygen present in the combustion gases and was serviced and checked for 
functionality (statement shown in Appendix C) by the Instrument and 
Calibration Section prior to use on the experimental apparatus. The CO/CO2 
analysers, required calibration twice daily using both high and low span 
gases during the experimental programme. 
4.5.5 Condensate Measurement 
An accurate measurement of the condensate produced by the four heat 
exchangers used in this investigation was obtained using a 500ml glass 
beaker, a stopwatch and a calibrated gravitron weighing machine. Condensate 
was produced when the flue gas products that flowed through the four heat 
exchangers came into contact with the tube wall surface that was at or below 
approximately 332 K (depending upon the the aeration rate of the burner). 
Once condensate had formed on the tube surface, it flowed throught the heat 
exchanger and into the condensate collector, Section (4.2). Within the 
collector, the condensate was channelled towards an aluminium outpipe 
through which the condensate flowed into a length of rubber tubing and then 
into a 500m1 glass beaker. The glass beaker was weighed (both before and 
after a three minute interval) using a gravitron weighing machine. By dividing 
the difference in weights by the time interval it was possible to obtain an 
accurate mass flow rate for the condensate produced by the heat exchangers. 
It should be noted that the gravitron weighing machine used to measure the 
mass of condensate was a model HD05, made by Stevens Ltd., and had a 
weighing range of 0 to 500 grams. This weighing machine was calibrated 
prior to use by the Instrument and Calibration Section, Manufacturing 
Services Division, at the GRTC. 
157 
4.5.6 Gas Quality Analysis 
The natural gas that was used by both the modified ELM Leblanc and the 
Polterton Kingfisher boilers was. analysed at the GRTC by members of the 
Analytical and Biological Chemistry Division. The analysis of the natural gas 
was carried out using a DANIEL Model 500 gas chromatograph and involved 
not only determining the physical properties of the natural gas (such as 
calorific value, density etc. ), but also the chemical make up of the natural gas 
and the percentages by volume of each component. The full list of 
information that the gas chromatograph evaluated was as follows: 
- Calorific value (dry) 
- Calorific value (wet) 
- Density 
- Compressibility factor 
- Wobbe number 
- C6+ 
-Propane 
-i- Butane 
-n- Butane 
- neo - Pentane 
-i- Pentane 
-n- Pentane 
- Nitrogen 
- Methane 
- Carbon Dioxide 
- Ethane 
This information was used in the computational fluid dynamics (CFD) model, 
Chapter 3, in order to evaluate the physical properties, such as enthalpy, of the 
flue gas products. 
158 
4.5.7 Air Temperature, Air Pressure and Relative Humidity Measurement 
In order for the physical properties (such as enthalpy) of the flue gas products 
to be accurately calculated, it was also necessary to measure the temperature, 
pressure and relative humidity of the combustion air. 
The air temperature near the experimental apparatus was measured using a 
type T thermocouple. This thermocouple was calibrated to NAMAS 
standards (as discussed in Section (4.5.1. )) and suspended from the metal 
framework of the test rig. The temperature measured by the thermocouple was 
recorded using a Scorpio datalogger. The air pressure was determined using a 
mercury barometer that was located in the Calibration and Instrument 
Laboratory, Manufacturing Services Division, at the GRTC. The barometer 
was made by F Darton and Company of Watford, England and had an 
operating range of 870 to 1100 millibars. The relative humidity and 
temperature of the air in Lab GX was measured using a hand held relative 
humidity meter that was purchased from Radio Spares Components Ltd. 
This unit had an operating range of between 273 K and 323 K and 25% to 
95% relative humidity. The accuracy of the relative humidity meter was 
+/-1 K between 273 K and 313 K and +/- 5% RH between 40% RH and 
80% RH. Outside the above ranges the accuracy of the temperature and 
relative humidity was +/- 2K and +/- 7% RH respectively. In order to ensure 
that the relative humidity meter was functioning accurately it was calibrated 
using a non-saturated lithium chloride solution. This solution provided a 
humidity of 50% RH, +/- I% RH, which was used as a reference point for the 
adjustment of the potentiometer located inside the relative humidity meter. 
4.5.8 Pressure Measurement across the Test Heat Exchangers 
The microprocessor micromanometer that was used to evaluate the mass flow 
of the flue gas products, Section (4.5.3), was also used to directly measure the 
pressure drop across the experimental heat exchangers. Pressure measuring 
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points were mounted in both the flue hood and the condensate collector, 
which were located above and below the heat exchanger respectively. These 
measuring points consisted of a length of aluminium tubing that was 30mm 
long, had a 6mm outside diameter and a wall thickness of 1 mm. Rubber 
tubing was then fastened to the aluminium tubing which had been welded 
onto both the flue hood and the condensate collector. From the pressure 
measuring points, the rubber tube was connected to the microprocessor 
manometer which determined the pressure drop across the heat exchanger 
through the use of a pressure transducer. 
4.6 Experimental Programme and Procedures 
4.6.1 Experimentral Programme 
The experimental programme for the present investigation was centred around 
five main variables which were as follows: 
1) The types of tubes used in the secondary heat exchanger. 
2) The velocity of the flue gas flowing through the secondary heat 
exchanger. 
3) The temperature of the water entering the secondary heat exchanger. 
4) The level of excess air used in combustion. 
5) The mass flow of flue gas products flowing through the secondary heat 
exchanger. 
Using the above variables, an experimental programme was devised, as 
shown in Figure (4.22). This tree diagram of experiments was fully expanded 
to a series of 96 tests, as shown in Appendix C. Prior to commencing the 
experimental programme, it was considered that the most effective way of 
evaluating the performance of the heat exchangers was by the amount of heat 
recovered from the flue gas (Q). This method of evaluation was selected 
because the heat recovered from the flue gas could be calculated 
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independently using both experimental data and the CFD model. 
The heat recovered or Q value could be calculated from the experimental data 
easily by using the following equation, Eqn (4.1). 
Q=M. Cp. dT (4.1) 
The theoretical calculation of the Q value, obtained using the CFD model, was 
more complex, making use of equations for both the water-side (Section 2.44) 
and the gas-side, Sections (2.2.1), (2.4.1) and (2.5.1), heat transfer coefficients. 
The results obtained from these equations were substituted into Eqn (4.2), 
Q=. 
1SA. 
dT 
hikho 
(4.2) 
together with information relating to the thickness and thermal conductivity 
of the tube wall, the surface area of the heat exchanger and the temperature 
difference in order to determine a Q-value for comparison, as discussed in 
Chapter 5. 
In order that the experimental programme in this section was carried out in a 
safe and efficient manner, a set of specific operating procedures, Section 
(4.6.2), was devised for the start up and operation of the experimental 
apparatus. 
4.6.2 Experimental Procedures 
The following procedure was used to start up and run the test apparatus while 
the experimental programme was carried out: 
1.0 Check that the make up water supply tank is full. 
2.0 Check water level in both the wet gas meter and the saturator. 
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3.0 Turn on electrical supply at the main isolator switch, located on the 
services dropper supports. 
4.0 Turn on the main electrical breaker switch mounted on the test rig. 
This breaker switch was used to provide electrical power to both the 
test rig and the flue gas extraction system. 
5.0 Turn on the electrical switches that energise the solenoid valves 
mounted on the test rig. These solenoid valves control both the flow of 
water to the make up water tank and the recirculated cooling water 
flow. 
6.0 Turn on the remaining electrical switches with the exception of the 
switch that energises the solenoid valve used to control the flow of 
natural gas. 
7.0 Turn on the electrical switch that energises the the solenoid valve that 
controls the natural gas flow. 
8.0 Check that the natural gas pressure is 20 millibars using the manometer 
mounted on the test rig upstream of the wet gas meter and the 
saturator. 
9.0 Light the Potterton Kingfisher II boiler. 
10.0 Ensure that the iris mounted on the ELM Leblanc boiler is fully open 
11.0 Light the ELM Leblanc boiler. 
12.0 Set the Eurotherm controller to the desired temperature. 
13.0 Set the desired flow rate of the GRTC recirculated cooling water 
through the three Alpha-Laval heat exchangers using both the gate and 
needle valves located on the cooling circuit pipework. 
14.0 Set the desired flow rate of the 'return' water through the test heat 
exchanger using the two rotameters discussed in Section (4.5.2). 
15.0 Set up the Scorpio datalogger to record the results of the experiments. 
16.0 Calibrate the ADC 7000 or 520 Mkt CO/CO2 analyser using the high 
and low span gases located in Lab GX at the GRTC. 
17.0 Once the test rig is running, leave the rig to reach steady state 
conditions for approximately one hour. 
162 
18.0 While the test rig is settling towards steady state conditions, obtain the 
necessary natural gas quality data from the gas chromatograph in Lab 
FK and the barometric pressure from the barometer in Lab FJ at the 
GRTC. Once the experimental apparatus reached steady state 
conditions (approximately one hour after start-up) for a given test (as 
outlined in Appendix C) the following procedure was used to record 
the experimental data: 
19.0 Record the 'return' water flow rate using the rotameters discussed in 
Section (4.5.2). 
20.0 Measure the relative humidity and temperature of the ambient air near 
the test rig using the relative humidity meter, Section (4.5.7) and 
record. 
21.0 Measure the CO and CO2 levels in the flue gas produced by the 
modified ELM Leblanc boiler using the ADC 7000 CO/CO2 analyser, 
Section (4.5.4) and record. 
22.0 Measure the 02 level in the flue gas produced by the modified ELM 
Leblanc boiler using the Servomex 02 analyser, Section (4.5.4), and 
record. 
23.0 Measure the flow of natural gas to the modified ELM Leblanc boiler 
using the wet gas meter, Section (4.5.2), and record. 
24.0 Measure and record all temperatures of the experimental apparatus 
using the type T and K thermocouples and the Scorpio data logger. 
25.0 Measure and record the mass flow and the pressure drop of the flue 
gas products in the test heat exchanger using the microprocessor 
micromanometer, Sections (4.5.3) and (4.5.8). 
26.0 Measure and record the condensate mass flow rate using the Stevens 
gravitron weighing machine and a stop-watch, Section (4.5.5). 
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Heat Exchanger Flue Gas Return Water Iris Position 
Type Velocity Temperatures (K) 
a) Five Plain Tubes High 308 Open 
313 Closed 
318 
"323 
328 
333 
Low 308 Open N313 Closed 
318 
323 
328 
333 
b) Five Roped Tubes High 308 Open 
313 Closed 
318 
"323 
328 
333 
Low 308 Open 
313 Closed 
318 
323 
328 
333 
c) Three Finned Tubes High 308 Open 
and Two Plain Tubes 313 Closed 
318 
7ý 
323 
328 
333 
Low 308 Open 
313 Closed 
318 
323 
328 
333 
d) Three Finned Tubes " High 308 Open 
and Two Roped Tubes 313 Closed 
318 
323 
328 
333 
Low --308- Open 
313 " Closed 318 
323 
328 
333 
Figure 4.22: Experimental Tree Diagram 
185 
CHAPTER 5 
Experimental and Theoretical Results Comparison 
5.1 Introduction 
This chapter discusses the experimental results that were collected, using the 
equipment and procedures discussed in Chapter 4, in order to examine the 
performance of four distinct heat exchangers for possible future use as the 
secondary heat exchanger of a domestic condensing boiler. It should be noted 
that for each experiment, nine sets of data were recorded (after the test appara- 
tus reached equilbrium over a period of one hour) and then averaged for 
presentation in this chapter. The difference between the data sets was less than 
5% which showed that the experimental results were repeatable. The chapter 
has been broken down into two main sections that examine the experimentally 
recorded data (Section 5.2) and theoretical results (Section 5.3) that were 
obtained using a modified version of the Cobra HX CFD code (Chapter 3). 
5.2 Experimental Results Comparison 
5.2.1 Heat Exchanger Performance 
In order to examine the relative performance of the four experimental heat 
exchangers (that were made up using the tubes outlined in Section 4.3), a 
number of tables have been created that sort the data according to the flue gas 
velocity and whether the iris used in the experiments was either in the open or 
the closed position. The flue gas velocity was set using the moveable inserts 
described in Chapter 4. In order to achieve a low flue gas velocity, the distance 
between the insert and the heat exchanger tube was set at 25mm (or approxi- 
mately 1.25 times the outside diameter of the roped and plain tubes). This set 
up produced a flue gas velocity of 0.8 m/s. A high flue gas velocity was 
achieved by setting the distance between the heat exchanger tube and the 
insert to 5mm. This reduced the area through which the combustion products 
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(generated using the ELM Leblanc boiler) could flow and resulted in a flue 
gas velocity of 4.0 m/s. The first of these tables, Table 5.1, shows the heat 
transfer performance of the plain and roped tube bundles when the iris was 
open and the flue gas flowing at 0.8m/s. The amount of heat transferred by the 
two heat exchangers was determined by measuring both the inlet and outlet 
water temperature and then using a simple formula (Q = MCPA7) to calculate 
aQ value. From Table 5.1 (and Figure 5.1) it can be seen that in 
Table 5.1: Plain and Roped Tube Heat Exchanger Comparison 
(Iris Open, Flue Gas Velocity=0.8m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Plain Tubes 
Q (Watts) 
Roped Tubes 
Percent Difference 
(%) 
308.00 672.50 647.58 -3.70 
313.00 572.66 551.54 -3.68 
318.00 478.85 394.47 -17.62 
323.00 410.97 422.56 2.82 
328.00 355.34 349.42 -1.66 
333.00 356.56 346.33 -2.86 
the condensing regime (return water temperatures of 308 and 313 K) the 
roped tubes underperformed the plain tubes by approximately 3.7%. This 
result is similar to the findings of Reilly (147), who determined that the 
outside heat transfer coefficients of roped tubes could be as much as 10 to 20 
% less than similar plain tubes. In the transition from the condensing to the 
non-condensing regime (318 K return water temperature) the roped tube heat 
exchanger was found to have transferred 17.62 % less heat than the similar 
plain tube heat exchanger. Upon closer examination of the experimental data, 
more condensate appeared to have been present on the surface of the roped 
tubes in the form of small droplets around the circumference of the tubes and 
large droplets suspended underneath the tubes. Condensate present on the 
surface of the roped tubes in these forms cannot be removed by the spiralling 
grooves and acts as an insulator to effective heat transfer. This higher 
concentration of condensate on the roped tube surface could have been caused 
by the slightly higher relative humidity value (57% RH) of the ambient air 
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when the roped tube experiments were carried out compared to when the plain 
tube experiment was carried out (46% RH). In the non-condensing regime 
(return water temperatures that ranged from 323 K to 333 K) the amount of 
heat transferred by the roped tube heat exchanger was found to be very similar 
to that of the plain tube heat exchanger. The percentage difference in 
performance between the heat exchangers was found to range from 2.82% and 
-2.86 %. This result is important as it provides the first example of how roped 
tubes perform in a non-condensing environment (Section 2.4.1.1). It is 
important to note that all of the percentage difference figures shown on Table 
5.1 were calculated using the method: (Plain-Roped)/Roped) * 100, and that 
this type of calculation will be used throughout the chapter. 
When the heat transfer results of the hybrid heat exchangers (outlined in 
Section 4.3) were compared at low flue gas velocity with the iris open, as 
shown on Table 5.2, the roped and finned tube hybrid heat exchanger 
Table 5.2: Hybrid Heat Exchanger Results Comparison 
(Iris Open, Flue Gas Velocity=0.58m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Plain / Finned Tubes 
Q (Watts) 
Roped / Finned Tubes 
Percent Difference 
(%) 
308.00 864.19 909.79 5.27 
313.00 801.82 809.13 0.91 
318.00 684.58 714.49 4.36 
323.00 637.49 667.89 4.76 
328.00 561.26 571.58 1.83 
333.00 , 502.11 
561.31 11.79 
outperformed the plain and finned tube hybrid heat exchanger in all cases. The 
roped tube hybrid heat exchanger transferred between 0.91% and 11.79% 
more heat than the plain tube hybrid heat exchanger depending on the return 
water temperaure. This improvement in heat transfer performance could have 
been caused by increased flue gas turbulence in the lower portion of the heat 
exchanger due to the spiralling grooves present on the outside surface of the 
roped tubes. The results of the hybrid heat exchanger comparison are shown 
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graphically on Figure 5.2 and a comparison of the performance of the four heat 
exchangers discussed so far is shown on Figure 5.3. 
When the velocity of the flue gas that flowed through the plain and roped tube 
heat exchangers was increased from 0.8 m/s to 4.0 m/s, a similar trend to that 
shown on Table 5.1 was observed. With the exception of the results for the 
return water temperature of 313 K, the roped tube heat exchanger was found to 
transfer less heat than the equivalent plain tube heat exchanger (Table 5.3). 
Table 5.3: Plain and Roped Tube Heat Exchanger Comparison 
(Iris Open, Flue Gas Velocity=4.0m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Plain Tubes 
Q (Watts) 
Roped Tubes 
Percent Difference 
(%) 
308.00 899.59 892.25 -0.81 
313.00 751.62 751.93 0.04 
318.00 595.32 551.54 -7.35 
323.00 557.28 496.78 -10.85 
328.00 546.70 492.09 -9.98 
333.00 500.78 474.01 -5.34 
This difference in the heat transfer performance between the-roped and plain 
tube heat exchangers was found to be small (-0.81%) in the condensing regime 
but not in the transition (318 K return water temperature) regime, as shown on 
Figure 5.4. 
The experimental results recorded in the non-condensing regime (where the 
return water temperature ranged from 323 K to 333 K) provide further 
evidence that roped tubes do not provide enhanced performance (compared to 
an equivalent plain tube) and that increased flue gas velocity does not alter this 
observation. 
When the flue gas velocity was increased from 0.8 m/s to 4.0 m/s, it was 
determined that, with the exception of the 328 K return water temperature 
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results, the roped and finned tube hybrid heat exchanger transferred more heat 
than the equivalent plain and finned tube hybrid heat exchanger, Table 5.4. 
Table 5.4: Hybrid Heat Exchanger Results Comparison 
(Iris Open, Flue Gas Velocity=1.45 m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Plain / Finned Tubes 
Q (Watts) 
Roped / Finned Tubes 
Percent Difference 
(%) 
308.00 1,044.38 1,108.13 6.10 
313.00 900.53 951.73 5.68 
318.00 829.78 850.46 2.49 
323.00 738.82 843.38 14.15 
328.00 709.77 702.04 -1.08 
333.00 696.96 714.80 2.55 
This trend was found to be similar to the performance of the hybrid heat 
exchangers at low velocity (Table 5.2) and is shown graphically on Figure 5.5. 
The relative performance of the four heat exchangers when the flue gas 
velocity was 1.45 m/s and the iris open is shown on Figure 5.6. This figure 
shows, like Figure 5.3, that the order of performance of the four heat 
exchangers, from highest to lowest, was the roped and finned tube hybrid, the 
plain and finned tube hybrid, the plain tube heat exchanger followed by the 
roped tube heat exchanger. 
When the *iris mounted on the test apparatus (Chapter 4) was closed and the 
experiments re-run using the plain and roped tube heat exchangers and low 
flue gas velocity, a similar result to that shown on Table 5.1 was observed. 
With the exception of the 308 K return water temperature results, the plain 
tube heat exchanger transferred more heat than the equivalent roped tube heat 
exchanger, Table 5.5. This underperformance by the roped tube heat 
exchanger ranged from -5.53% to -13.69%, Figure 5.7. The roped tube heat 
exchanger performed better than the plain tube bundle when the return water 
temperature was 308 K as a large amount of condensate was observed on the 
surface of the plain tubes. This retained condensate would act as an insulating 
layer to effective heat transfer. The condensate regime present on the surface 
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of both the plain and rope tube heat exchangers is discussed in detail in 
Section 5.2.5. 
Table 5.5: Plain and Roped Tube Heat Exchanger Comparison 
(Iris Closed, Flue Gas Velocity=0.8m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Plain Tubes 
Q (Watts) 
Roped Tubes 
Percent Difference 
(%) 
308.00 632.71 650.42 2.79 
313.00 564.19 532.95 -5.53 
318.00 432.01 388.37 -10.10 
323.00 424.65 393.20 -7.40 
328.00 372.06 339.10 -8.85 
333.00 333.85 288.13 -13.69 
The hybrid heat exchanger tests were also re-run using a closed iris and low 
flue gas velocity (0.58 m/s). The results of these tests showed that, in all cases, 
the roped and finned tube hybrid heat exchanger transferred more heat than the 
equivalent plain and finned tube heat exchanger, Table 5.6. The superior 
Table 5.6: Hybrid Heat Exchanger Results Comparison 
(Iris Closed, Flue Gas Velocity=0.58 m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Plain / Finned Tubes 
Q (Watts) 
Roped / Finned Tubes 
Percent Difference 
(%) 
308.00 864.64 941.02 8.83 
313.00 770.10 802.92 4.26 
318.00 680.98 683.82 0.41 
323.00 603.28 641.24 6.29 
328.00 539.54 546.79 1.34 
333.00 484.94 561.31 15.74 
performance of the roped and finned hybrid heat exchanger ranged from 
0.41 % to 15.74% compared to the plain and finned hybrid heat exchanger 
(Figure 5.8), and was similar to the performance shown on Table 5.2. Figure 
5.9 shows the order of performance of the heat exchanger data taken 
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from Tables 5.5 and 5.6. This order of heat exchanger performance was the 
same as that shown on Figures 5.3 and 5.6. 
The experimental results recorded for the plain and roped tube heat exchangers 
when the flue gas velocity was high (4.0m/s) and the iris closed were found to 
have a very similar trend to the results when the iris was open. In the , 
condensing regime (return water temperatures of 308 K and 313 K) the 
difference between the performance of the plain and roped tubes was found to 
be very small, ranging from -1.96% to 1.1%, Table 5.7. In the transition and 
Table 5.7: Plain and Roped Tube Heat Exchanger Comparison 
. 
(Iris Closed, Flue Gas Velocity=4.0m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Plain Tubes 
Q (Watts) 
Roped Tubes 
Percent Difference 
(%) 
308.00 915.22 897.26 -1.96 
313.00 756.40 764.73 1.10 
318.00 571.10 536.26 -6.10 
323.00 543.50 481.84 -11.34 
328.00 517.47 463.29 -10.47 
333.00 491.97 461.14 -6.26 
non-condensing regimes however, the difference between the two heat 
exchangers was found to be much larger. The roped tube heat exchanger 
transferred between 6.1% and 11.34% less heat than the equivalent plain tube 
heat exchanger. These results, shown graphically on Figure 5.10, together with 
data shown previously on Table 5.3 confirm that the diffference in the 
performance between the roped and plain tube heat exchangers is small when 
condensation takes place on the tube surface. The difference in performance 
between the heat exchangers was however found to be considerable in both the 
transition and the non-condensing regimes. 
When the results of the experiments carried out using the hybrid heat 
exchangers, high flue gas velocity (1.45 m/s) and a closed iris, were compared 
(Table 5.8) the general trend of the data was found to be very similar to that 
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shown on Table 5.4. In the condensing regime, the roped and finned tube 
hybrid heat exchanger transferred between 7.49% and 8.6 % more heat than 
Table 5.8: Hybrid Heat Exchanger Results Comparison 
(Iris Closed, Flue Gas Velocity=1.45 m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Plain / Finned Tubes 
Q (Watts) 
Roped / Finned Tubes 
Percent Difference 
(%) 
308.00 1,033.91 1,111.40 7.49 
313.00 880.72 956.53 8.60 
318.00 792.52 821.60 3.66 
323.00 728.73 810.69 11.24 
328.00 684.79 675.75 -1.32 
333.00 668.65 704.37 5.34 
the equivalent plain and finned tube hybrid heat exchanger. The range of 
percentage differences between the performance of the heat exchangers in the 
transition and non-condensing regimes however was found to be much larger 
and is shown on Figure 5.11. A plot (Figure 5.12) of the heat transfer data 
shown on Tables 5.7 and 5.8 confirms that the order of performance of the 
heat exchangers was consistant with the data examined earlier in this section 
and found on Figures 5.3,5.6 and 5.9. 
5.2.2 The Effect of Flue Gas Velocity 
In the previous section, the general heat transfer performance of the four heat 
exchangers was reviewed. This section will examine the amount of heat 
transferred by the four heat exchangers as the velocity of the combustion 
products was increased from 0.8 m/s to 4.0 m/s and 0.58m/s to 1.45m/s 
through the use of the moveable inserts (Section 4.2). 
In order to establish a datum for comparison purposes, the first heat exchanger 
that was examined consisted entirely of plain tubes, Table 5.9. It can be seen 
from this table that, when the iris mounted on the experimental apparatus was 
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open, there was a dramatic increase in the amount of heat transferred when the 
flue gas velocity was increased. In both the condensing regime (return water 
Table 5.9: Flue Gas Velocity Comparison (Plain Tubes, Iris Open) 
Return Water 
Temperature (K) 
Q (Watts) 
@ 0.8 m/s 
Q (Watts) 
@ 4.0 m/s 
Percent Difference' 
(%) 
308.00 672.50 899.59 33.77 
313.00 572.66 751.62 31.25 
318.00 478.85 595.32 24.32 
323.00 410.97 557.28 35.60 
328.00 355.34 546.70 53.85 
333.00 356.56 500.78 40.45 
temperatures of 308 K and 313 K) and the transition regimes (318 K return 
water temperature) the amount of heat transferred was between 24.32% and 
33.77% greater when the flue gas velocity was 4.0 m/s compared to 0.8 m/s. 
This result is in line with a number of previous studies (75) to (116) and 
showed that the test apparatus was capable of producing reasonable 
experimental results. 
In the non-condensing regime (return water temperatures between 323 K and 
333 K), the percentage improvement in the amount of heat transferred due to 
increased flue gas velocity was greater than in either the transitional and 
condensing regimes. This was due to more of the hot flue gases coming into 
contact with the tube surface as there was no condensate present on the heat 
exchanger tubes that would act as an insulating layer to effective heat transfer. 
It is important to note that even though the percentage improvement in the 
amount of heat transferred was greater in the non-condensing regime, less heat 
was actually transferred. 
This was due to the fact that only sensible or dry heat was transferred in the 
non-condensing regime as opposed to a combination of sensible and latent or 
wet heat in the condensing regime. When the data from Table 5.9 was plotted, 
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Figure 5.13, a clear trend was evident that for plain tube heat exchangers 
increasing the flue gas velocity increased the amount of heat transfer in both 
the condensing and non-condensing regimes. 
Once a datum for comparison had been established using the plain tube heat 
exchanger, a similar comparison was carried out using the roped tube heat 
exchanger, Table 5.10. Like the results shown on Table 5.9, it can be seen 
Table 5.10: Flue Gas Velocity Comparison (Roped Tubes, Iris Open) 
Return Water 
Temperature (K) 
Q (Watts) 
@ 0.8 m/s 
Q (Watts) 
@ 4.0 m/s 
Percent Difference 
(%) 
308.00 647.58 892.25 37.78 
313.00 551.54 751.93 36.33 
318.00 394.47 551.54 39.82 
323.00 422.56 496.78 17.56 
328.00 349.42 492.09 40.83 
333.00 346.33 474.01 36.87 
from Table 5.10 that increasing flue gas velocity increased the amount of heat 
transferred by the roped tube heat exchanger in all cases. In the condensing 
(308 K and 313 K return water temperature) and transition regimes (318 K 
return water temperatures) the above result was found to be consistent with 
previous research work (137) caried out using a steam condenser. The heat 
transfer results for the 323 K to 333 K return water temperatures showed that 
in the non-condensing regime, increasing the flue gas velocity resulted in an 
increase in heat transfer performance that was similar to that exhibited in the 
condensing regime. This result is important as the literature survey (Section 
2.4.1.1) failed to locate previous work in this particular area of research. When 
the results shown on Table 5.10 were plotted, Figure 5.14, a similar trend to 
that of the plain tube heat exchanger was evident. 
The results of the experiments on the plain and roped tube heat exchangers 
(when the iris was open) clearly showed that as the flue gas velocity was 
195 
increased so was the amount of heat transferred by the heat exchanger. This 
trend was also observed when the same experiments were carried out using the 
plain and finned tube hybrid heat exchanger, Table 5.11. In the condensing 
Table 5.11: Flue Gas Velocity Comparison 
(Plain and Finned Tubes, Iris Open) 
Return Water 
Temperature (K) 
Q (Watts) 
@ 0.58 m/s 
Q (Watts) 
@ 1.45 m/s 
Percent Difference 
(%) 
308.00 864.19 1,044.38 20.85 
313.00 801.82 900.53 12.31 
318.00 684.58 829.78 21.21 
323.00 637.49 738.82 15.90 
328.00 561.26 709.77 26.46 
333.00 502.11 696.96 38.81 
regime (308 K and 313 K return water temperatures) however even though 
more heat was transferred it was found that the increase in heat transfer 
performance due to the increased flue gas velocity was less than that of both 
the plain and the roped tube heat exchangers. For the plain and finned tube 
hybrid heat exchanger, increases in heat transfer performance of 20.85 % and 
12.31% (for return water temperatures of 308 K and 313 K) were recorded 
compared to similar increases of 33.77% and 31.25 % for the plain tube heat 
exchanger and 37.78% and 36.33 % for the roped tube heat exchanger. This 
result is in line with previous research work (167), (169), (179), (191), (194), 
(196) carried out using a variety of finned tube heat exchangers. 
In both the transitional (318 K return water temperature) and the 
non-condensing (return water temperatures of 323 K to 333 K) regimes, the 
improvements in the heat transfer performance of the plain and finned tube 
hybrid heat exchanger (due to increased flue gas velocity) were found to be 
smaller than the improvements recorded for both the plain (Table 5.9) and 
roped (Table 5.10) tube heat exchangers. This result is important as it shows 
that the plain and finned tube hybrid heat exchanger performs in a similar 
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manner in both a condensing and a non-condensing regime. Additionally, the 
data shown for the hybrid heat exchanger on Table 5.11 and graphically on 
Figure 5.15 is important as it provides further experimental data in an area 
(finned tubes in a non-condensing environment) covered by few previous 
researchers (161) to (166). 
When the results of the flue gas velocity experiments that were carried out 
using the roped and finned tube hybrid heat exchanger (Table 5.12) were 
Table 5.12: Flue Gas Velocity Comparison 
(Roped and Finned Tubes, Iris Open) 
Return Water 
Temperature (K) 
Q (Watts) 
@ 0.58 m/s 
Q (Watts) 
@ 1.45 m/s 
Percent Difference 
(%) 
308.00 909.79 1,108.13 21.80 
313.00 809.13 951.73 17.62 
318.00 714.49 850.46 19.03 
323.00 667.89 843.38 26.27 
328.00 571.58 702.04 22.82 
333.00 561.31 714.80 27.34 
examined, it was found that, in the condensing regime, the percentage 
improvemment in heat transfer performance was greater than that of the plain 
and finned tube hybrid heat exchanger but less than both the plain and roped 
tube heat exchangers. The roped and finned tube hybrid heat exchanger 
transferred more heat and had a greater performance improvement due to 
increased flue gas velocity than the equivalent plain and finned tube hybrid 
heat exchanger as a result of more efficient removal of condensate from the 
roped tubes. During the roped and finned tube hybrid heat exchanger 
experiments, it was observed that the condensate that formed on the surface of 
the roped tubes flowed down the spiralling grooves and fell from the tubes in 
the form of droplets from the underside of the tubes at regular intervals. The 
condensate present on the plain tubes of the plain and finned tube hybrid heat 
exchanger formed in a thin film (which would act as an insulator to heat 
transfer) which appeared to be held on the tube surfaces and did not drop off 
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as regularly as from the roped tubes. The condensing regimes of all four heat 
exchangers are discussed in greater detail in Section 5.2.5. 
In the transition and non-condensing regimes, the percentage difference 
between the heat transfer results for the roped and finned tube heat exchanger 
(shown on Figure 5.16) was found to be less (with the exception of the 328 K 
return water temperature results) than the plain and finned tube hybrid heat 
exchanger and both the plain and roped tube heat exchangers. This result 
indicates that although the roped and finned tube heat exchanger transferred 
the greatest amount of heat, it was the least affected by an increase in the flue 
gas velocity. 
In addition to the experiments discussed so far in this section, a further series 
of tests were carried out when the iris mounted on the experimental apparatus 
was closed. It should be noted that the data shown on Tables 5.13 to 5.16 has 
been used to examine the effect that both flue gas velocity and the iris 
mounted on the test equipment had on the amount of heat transferred by the 
four heat exchangers. A direct comparison of the heat transferred by each heat 
exchanger when the iris was either in the open or the closed position can be 
found in Section 5.2.3. 
For the plain tube heat exchanger, Table 5.13 shows that when the iris was 
Table 5.13: Flue Gas Velocity Comparison (Plain Tubes, Iris Closed) 
Return Water 
Temperature (K). 
Q (Watts) 
@ 0.8 m/s 
Q (Watts) 
@ 4.0 m/s 
Percent Difference 
(%) 
308.00 632.71 915.22 44.65 
313.00 564.19 756.40 34.07 
318.00 432.01 571.10 32.20 
323.00 424.65 543.50 27.99 
328.00 372.06 517.47 39.08 
333.00 333.85 491.97 47.36 
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closed on the experimental apparatus, the amount of heat transferred increased 
as the flue gas velocity was increased from 0.8 m/s to 4.0 m/s. The trend of the 
data, shown on Figure 5.17, was found to be similar to that shown on Table 
5.9. In the condensing and transitional regimes, it was observed that the 
percentage increase in the amount of heat transferred was greater when the iris 
was closed (Table 5.13). This result may have been caused by a smaller 
proportion of non-condensable gases such as oxygen (02) being present in the 
composition of the combustion products which would result in better heat 
transfer (58). The above trend however was not repeated in the 
non-condensing regime. The percentage improvements were found to be 
smaller when the iris was closed (Table 5.13) compared to similar results 
when the iris was open (Table 5.9). 
The experimental results collected using the roped tube heat exchanger, Table 
5.14, showed (like the data shown on Table 5.10) that increasing the flue gas 
Table 5.14: Flue Gas Velocity Comparison (Roped Tubes, Iris Closed) 
Return Water 
Temperature (K) 
Q (Watts) 
@ 0.8m/s 
Q (Watts) 
@ 4.0 m/s 
Percent Difference 
(%) 
308.00 650.42 897.26 37.95 
313.00 532.95 764.73 43.49 
318.00 388.37 536.26 38.08 
323.00 393.20 481.84 22.54 
328.00 339.10 463.29 36.62 
333.00 288.13 461.14 60.05 
velocity increased the amount of heat transferred, Figure 5.18. The data on the 
above table also showed a similar trend to that of the plain tube heat exchanger 
when the iris was closed, in that in the condensing regime the percentage 
improvement in the amount of heat transferred due to increased flue gas 
velocity was marginally higher when the iris was closed. In the transition 
(return water temperature of 318 K) regime, the percentage improvement in 
the amount of heat transferred by the roped tube heat exchanger when the iris 
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was closed was found to be slightly lower than when the iris was open. The 
general trend of the non-condensing data shown on Table 5.14 was found to be 
the same as that on Table 5.10 in that the percentage improvement dropped at 
the return water temperature of 323 K and then improved as the temperature 
of the return water increased. 
When the velocity experiments were carried out on the plain and finned tube 
hybrid heat exchanger with the iris closed, it was observed that the recorded 
data, shown on Table 5.15, was very similar to the results of the experiments 
Table 5.15: Flue Gas Velocity Comparison 
(Plain and Finned Tubes, Iris Closed) 
Return Water 
Temperature (K) 
Q (Watts) 
@ 0.58 m/s 
Q (Watts) 
@ 1.45 m/s 
Percent Difference 
(%) 
308.00 864.64 1,033.91 19.58 
313.00 770.10 880.72 14.36 
318.00 680.98 792.52 16.38 
323.00 603.28 728.73 20.80 
328.00 539.54 684.79 26.92 
333.00 484.94 668.65 37.88 
when the iris was open, Table 5.11. With the iris closed, the amount of heat 
transferred in the condensing regime increased by between 14.36% and 
19.58% when the flue gas velocity was increased. Similar increases in the heat 
transfer performance were observed in both the transitional and the 
non-condensing regimes, Figure 5.19. These results show that regardless of 
whether or not the iris mounted on the experimental apparatus was open or 
closed, increasing the flue gas velocity increased the amount of heat 
transferred. In addition to comparing the experimental data shown on Table 
5.15 with the results shown on Table 5.11 a comparison was made with the 
results of the tests carried out using the plain tube heat exchanger when the iris 
was closed, Table 5.13. This comparison showed that the plain and finned 
tube hybrid heat exchanger was less affected by an increase in the flue gas 
velocity than the plain tube heat exchanger. This finding is consistent with a 
200 
previous comparison between the results shown on Table 5.9 and 5.11 and 
previous experimental work (167), (169), (179), (191), (194), (196). 
The results of the velocity experiments carried out on the roped and finned 
tube hybrid heat exchanger when the iris was closed, Table 5.16, were found 
Table 5.16: Flue Gas Velocity Comparison 
(Roped and Finned Tubes, Iris Closed) 
Return Water 
Temperature (K) 
Q (Watts) 
@ 0.58 m/s 
Q (Watts) 
@ 1.45 m/s 
Percent Difference 
(%) 
308.00 941.02 1,111.40 18.11 
313.00 802.92 956.53 19.13 
318.00 683.82 821.60 20.15 
323.00 641.24 810.69 26.42 
328.00 546.79 675.75 23.59 
333.00 561.31 704.37 25.49 
to be similar to the plain and finned tube results shown on Table 5.15. As the 
flue gas velocity was increased from 0.58 m/s to 1.45 m/s, the amount of heat 
transferred improved by between 18.11% and 26.42%, Figure 5.20. These 
results provided further proof that increasing the flue gas velocity increases the 
amount of heat transferred by a heat exchanger regardless of the type of tubes 
it has been fitted with. Also when the experimental data shown on Table 5.16 
was compared with the results of the velocity experiments for the roped tube 
heat exchanger, Table 5.14, the roped tube heat exchanger was found to be 
more greatly affected by increased flue gas velocity than the roped and finned 
tube hybrid heat exchanger. This result is in line with other similar 
comparisons carried out earlier in this section. 
5.2.3 The Effect of Excess Combustion Air 
In order to vary the mass flow of air, excess to that required for stoichiometric 
combustion, through the secondary or condensing heat exchanger of the test 
apparatus, an iris (Section 4.2) was used. This iris was mounted on the air 
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intake pipe of the ELM Leblanc boiler, which supplied the combustion gases 
that flowed through the experimental heat exchangers. Through the use of this 
iris, a small change in the mass flow rate was achieved. When the iris was 
closed, the mass flow rate was 0.11 kg/s compared to 0.12 kg/s when the iris 
was fully open. Through the use of a Servomex oxygen analyser (Section 
4.5.4), the amount of oxygen (02) present in the combustion products was 
measured. When the iris was closed, the amount of oxygen present in the 
combustion gases ranged from 9.5% to 10.7% compared to 9.7% to 11.1% 
oxygen when the iris was open. On average there was 0.3% less O2 when the 
iris was closed compared to when the iris was open. These levels are important 
as oxygen is a non-condensable gas and as such can dramatically affect the 
performance of a heat exchanger (58). To determine how the mass flow rates 
affected the heat transfer process in the secondary heat exchanger of the 
experimental condensing boiler, a number of comparisons were carried out. 
These comparisons have been broken down by heat exchanger and flue gas 
velocity, and are shown on Tables 5.17 through 5.24. 
The first of the above mentioned comparisons was carried out using the plain 
tube heat exchanger with low flue gas velocity, Table 5.17. It can be seen from 
Table 5.17: Plain Tube Heat Exchanger Comparison 
(Flue Gas Velocity=0.8m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Mass Flow= 0.11 kg/s 
Q (Watts) 
Mass Flow=0.12 kg/s 
Percent Difference 
(%) 
308.00 632.71 672.50 6.29 
313.00 564.19 572.66 1.50 
318.00 432.01 478.85 10.84 
323.00 424.65 410.97 -3.22 
328.00 372.06 355.34 -4.50 
333.00 333.85 356.56 6.80 
both the Table and Figure 5.21 that in the condensing and the transitional 
regimes (return water temperatures of 308 K to 318 K) the heat transfer 
results are greater when the mass flow was 0.12 kg/s compared to 0.11 kg/s. 
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The difference in performance ranged from 1.5% to 10.84 %. In the 
non-condensing regime however, no clear trend was evident when the mass 
flow rate was altered. More heat was transferred when the mass flow was 0.11 
kg/s for return water temperatures of 323 K and 328 K and at the highest 
return water temperature of 333 K, more heat was transferred when the mass 
flow rate of the flue gas was 0.12 kg/s. 
When an identical comparison was carried out using the roped tube heat 
exchanger, the heat transfer results for the two mass flow rates were found to 
be virtually identical at the lowest return water temperature (308 K) in the 
condensing regime, Table 5.18. The results in the middle of the table (return 
Table 5.18: Roped Tube Heat Exchanger Comparison 
(Flue Gas Velocity=0.8m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Mass Flow= 0.11 kg/s 
Q (Watts) 
Mass Flow=0.12 kg/s 
Percent Difference 
(%) 
308.00 650.42 647.58 -0.44 
313.00 532.95 551.54 3.49 
318.00 388.37 394.47 1.57 
323.00 393.20 422.56 7.47 
328.00 339.10 349.42 3.04 
333.00 288.13 346.33 20.20 
water temperatures 313 K to 328 K) showed that more heat was transferred 
when the mass flow was 0.12 kg/s, Figure 5.22. At the highest return water 
temperature (333 K) in the non-condensing regime, a 20.2 % difference in the 
amount of heat transfered was recorded when the mass flow was 0.12 kg/s 
compared to 0.11 kg/s. On examination of the experimental data, this 
difference was found to have been caused by a slightly higher differential 
between the temperature of the flue gas entering the heat exchanger. For all of 
the other experiments, the differential between the flue gas entry temperatures 
was found to range from 1.0 K to 1.2 K. The difference in temperature 
between the 333 K return water temperature was found to be 2.0 K, meaning 
there was slightly less heat available to transfer when the iris was closed (0.11 
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kg/s). This difference in temperature was the only difference found. All of the 
recorded data for the 02, CO and CO2 levels were found to be similar to the 
other experiments. 
A comparison of the plain and finned tube hybrid heat exchanger data (Table 
5.19) yielded a trend similar to that shown in the roped tube heat exchanger 
Table 5.19: Plain and Finned Tube Heat Exchanger Comparison 
(Flue Gas Velocity=0.58m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Mass Flow= 0.11 kg/s 
Q (Watts) 
Mass Flow=0.12 kg/s 
Percent Difference 
(%) 
308.00 864.64 864.19 -0.05 
313.00 770.10 801.82 4.12 
318.00 680.98 684.58 0.53 
323.00 603.28 637.49 5.67 
328.00 539.54 561.26 4.03 
333.00 484.94 502.11 3.54 
comparison. For the lowest return water temperature (308 K), there was very 
little difference between the amount of heat transferred (-0.05%) while the rest 
of the results clearly showed that there was more heat transferred when the 
mass flow was 0.12 kg/s, Figure 5.23. The percentage difference for the heat 
exchanger when the mass flow was 0.12 kg/s compared to 0.11 kg/s was of a 
similar magnitute to that shown by the roped tube heat exchanger (with the 
exception of the 333 K results) and ranged from 0.53 % to 5.67 %. 
When the roped änd finned tube hybrid heat exchanger results (Table 5.20) 
were examined, a trend similar to that exhibited by both the roped tube and the 
plain and finned tube hybrid heat exchangers (Tables 5.18 and 5.19 
respectively) was observed. At the return water temperature of 308 K, the 
amount of heat transferred by the roped and finned hybrid heat exchanger was 
found to be less at the flue gas mass flow rate of 0.12 kg/s compared to a mass 
flow rate of 0.11 kg/s. This reduction in heat transfer (-3.32%) was 
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Table 5.20: Roped and Finned Tube Heat Exchanger Comparison 
(Flue Gas Velocity=0.58m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Mass Flow= 0.11 kg/s 
Q (Watts) 
Mass Flow=0.12 kg/s 
Percent Difference 
(%) 
308.00 941.02 909.79 -3.32 
313.00 802.92 809.13 0.77 
318.00 683.82 714.49 4.48 
323.00 641.24 667.89 4.16 
328.00 546.79 571.58 4.53 
333.00 561.31 561.31 0.00 
believed to have been caused by a higher percentage of oxygen (a 
non-condensible gas) present in the combustion products when the iris was 
open (10.7% 02) compared to when the iris was closed (10.4% 02). The 
remaining heat transfer results, Figure 5.24, ranged from 0.0% to 4.53% and 
showed percentage difference figures that were of a similar magnitude to those 
shown for both the roped tube and plain and finned tube heat exchangers. 
Once the comparison of the recorded experimental results at the low flue gas 
velocities was complete, a similar comparison was carried out using the data at 
the high flue gas velocities. In the condensing regime (308 K and 313 K return 
water temperatures), the data comparison showed that less heat was transferred 
by the plain, roped and roped and finned tube heat exchangers (Tables 5.21, 
5.22 and 5.23) when the mass flow was 0.12 kg/s compared to 0.11 kg/s. This 
trend is also shown graphically on Figures 5.25,5.26 and 5.27 respectively 
and was believed to have been caused by a higher percentage of 02 in the flue 
gases when the mass flow was 0.12 kg/s. 
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Table 5.21: Plain Tube Heat Exchanger Comparison 
(Flue Gas Velocity=4.0m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Mass Flow= 0.11 kg/s 
Q (Watts) 
Mass Flow=0.12 kg/s 
Percent Difference 
(%) 
308.00 915.22 899.59 -1.71 
313.00 756.40 751.62 -0.63 
318.00 571.10 595.32 0.42 
323.00 543.50 557.28 2.54 
328.00 517.47 546.70 5.65 
333.00 491.97 500.78 1.79 
Table 5.22: Roped Tube Heat Exchanger Comparison 
(Flue Gas Velocity=4.0m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Mass Flow= 0.11 kg/s 
Q (Watts) 
Mass Flow=0.12 kg/s 
Percent Difference 
(%) 
308.00 897.26 892.25 -0.56 
313.00 764.73 751.93 -1.67 
318.00 536.26 551.54 2.85 
323.00 481.84 496.78 3.10 
328.00 463.29 492.09 6.22 
333.00 461.14 474.01 0.28 
Table 5.23: Roped and Finned Tube Heat Exchanger Comparison 
(Flue Gas Velocity=1.45 m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Mass Flow= 0.11 kg/s 
Q (Watts) 
Mass Flow=0.12 kg/s 
Percent Difference 
(%) 
308.00 1,111.40 1,108.13 -0.29 
313.00 956.53 951.73 -0.50 
318.00 821.60 850.46 3.51 
323.00 810.69 843.38 4.03 
328.00 675.75 702.04 3.89 
333.00 704.37 714.80 1.48 
The experimental results for the plain and finned tube hybrid heat exchanger 
(Table 5.24) in the condensing regime however were found to contradict 
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Table 5.24: Plain and Finned Tube Heat Exchanger Comparison 
(Flue Gas Velocity=1.45 m/s) 
Return Water 
Temperature (K) 
Q (Watts) 
Mass Flow= 0.11 kg/s 
Q (Watts) 
Mass Flow=0.12 kg/s 
Percent Difference 
(%) 
308.00 1,033.91 1,044.38 1.01 
313.00 880.72 900.53 2.25 
318.00 792.52 829.78 4.70 
323.00 728.73 738.82 1.38 
328.00 684.79 709.77 3.65 
333.00 668.65 696.96 4.23 
the trend shown on Tables 5.21 to 5.23 as more heat was transferred when the 
mass flow of the flue gas was 0.12 kg/s. This result was believed to have been 
brought about by a difference in the temperatures of the flue gases as they 
entered the heat exchanger. Close examination of the nine recorded data sets 
used to provide the averaged values at the 308 K return water temperature 
showed that when the iris was open (mass flow=0.12 kg/s) the flue gas 
temperature varied from 122.68 K to 126.92 K. At the same return water 
temperature when the iris was closed (mass flow=0.11 kg/s) the temperature of 
the flue gas entering the heat exhanger ranged from 122.63 K to 125.77 K. It 
was believed that extra heat available to the heat exchanger was transferred to 
the heat exchanger end plates through which the return water flowed causing 
more heat to be transferred when the iris was open. An examination of the data 
sets recorded for the 313 K return water temperature revealed the same trend 
as that shown for the 308 K return water results. When the iris was open (mass 
flow=0.12 kg/s), the recorded flue gas temperature varied from 121.74 K to 
124.90 K, compared to a range of 120.56 K to 123.95 K when the iris was 
closed. This difference in the temperatures of the flue gases entering the heat 
exchanger would have caused more heat to be transferred when the iris was 
open, Figure 5.28. 
In both the transitional (318 K return water temperature) and the 
non-condensing regimes, an increase in the amount of heat transferred was 
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observed for all four of the heat exchangers when the mass flow of the 
combustion products was 0.12 kg/s, Tables 5.21 to 5.24. This increase in the 
amount of heat transferred was found to range from 0.42% (318 K return water 
temperature, Table 5.21) to 6.22% (328 K return water temperature, Table 
5.22). These percentage differences in the heat transfer performance were 
in-line with those recorded for the low flue gas velocity results (0.94 m/s) and 
showed that the amount of air excess to that required for stoichiometric 
combustion present in the flue gas products generally reduced the amount of 
heat transferred when condensation took place on the surface of the tubes. 
The results presented in this section (Tables 5.17 to 5.24) have shown that in 
the condensing regime as the percentage of oxygen excess to that required for 
stoichiometric combustion is increased the amount of heat transferred by the 
heat exchangers decreased. In the transitional and the non-condensing regimes, 
however the opposite was true with more heat transfer taking place in all four 
of the experimental heat exchangers under examination as the amount of 
excess oxygen increased. 
5.2.4 Differential Pressure through the Heat Exchangers 
In order to determine the size of fan required for a condensing boiler, figures 
for gas side pressure losses in the burner, flue and heat exchanger are required. 
Pressure losses in the burner and the flue are beyond the scope of the present 
investigation and as such were not measured. The pressures through each of 
the four experimental heat exchangers (outlined in Section 4.3) however were 
measured through the use of a microprocessor micromanometer and a pitot 
tube (Section 4.5.3). The recorded data (shown on Tables 5.25 through 5.28) 
has been classified by the velocity of the combustion gases flowing through 
the heat exchangers and whether or not the iris was in the open or the closed 
position. 
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From Table 5.25, it can be seen that when the moveable inserts (Section 4.2) 
Table 5.25: Differential Pressure (Iris Open, Low Flue Gas Velocity) 
Return Water 
Temperature 
(K) 
Plain Tubes 
(mbar) x 102 
Roped Tubes 
(mbar) x 101 
Plain / Finned 
Tubes 
(mbar) x 102 
Roped / Finned 
Tubes 
(mbar) x 102 
308.00 5.33 5.36 0.67 0.88 
313.00 5.29 5.72 0.65 0.84 
318.00 5.46 5.52 0.83 0.81 
323.00 5.54 5.60 0.79 0.87 
328.00 5.75 4.88 0.84 0.81 
333.00 5.64 5.54 0.70 0.79 
were set to provide low flue gas velocity the plain and roped tube heat 
exchangers were found to have very similar. pressure drops. The differential 
pressures for the hybrid heat exchangers however were found to be much 
smaller than for both the plain and roped tube heat exchangers. This was 
caused by the way in which the moveable inserts were positioned relative to 
the outside surface of the fin root of the finned tubes. When the outer edge of 
the half tubes mounted on the moveable insert (Section 4.2) was positioned 25 
mm from the outside surface of the plain and roped tubes, the area through 
which the combustion products could flow was 0.0 15 m2 . Positioning the 
moveable inserts 25 mm from the fin tips of the finned tubes however resulted 
in a flow area of 0.0202 m2 which consisted of the area between the fins along 
the length of the tube (300mm) and the area between the fin tips and the 
moveable inserts. 
When the flue gas velocity was increased by locating the moveable inserts 
5mm from the outside surface of the plain tubes instead of 25 mm, the 
pressure drop across the plain tube heat exchanger was reduced, Table 5.26. 
This reduction in the pressure drop was found to range from 
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Table 5.26: Differential Pressure (Iris Open, High Flue Gas Velocity) 
G 
i 
6 
Return Water 
Temperature 
(K) 
Plain Tubes 
(mbar) x 102 
Roped Tubes 
(mbar) x 102 
Plain / Finned 
Tubes 
(mbar) x 102 
Roped / Finned 
Tubes 
(mbar) x 101 
308.00 2.93 5.04 6.58 6.25 
313.00 3.66 4.84 5.89 5.86 
318.00 3.52 4.70 6.36 5.90 
323.00 3.27 4.48 6.45 5.76 
328.00 3.88 4.76 6.23 L 6.19 
333.00 3.30 4.72 6.48 6.47 
0.016 mbar to 0.024 mbar for the 313 K and 308 K return water temperature 
results respectively. The differential pressures recorded for the roped tube heat 
exchanger at high flue gas velocity also fell compared to the low flue gas 
velocity results. The drop in differential pressure was small compared to those 
for the plain tube heat exchanger and ranged from 0.0012 mbar to 0.0112 mbar 
for the 328 K and 323 K return water results respectively. 
The differential pressure across both of the hybrid heat exchangers was found 
to be much greater than the results shown at low flue gas velocity on Table 
5.25 as well as the plain and roped tube heat exchanger data shown on Table 
5.26. It was believed that, although the flow area was larger (0.0082 m2) for 
the hybrid heat exchangers than that of the plain and roped tube heat 
exchangers (0.003 m2), the combustion products flowing past the finned tubes 
were forced in to; the smaller areas between the fins causing a greater drop in 
pressure. 
When the pressure drop experiments were repeated using low flue gas 
velocity with the iris closed (Table 5.27), the experimental results were found 
to be very similar to the data recorded when the iris was open, Table 5.25. The 
similarity of the results shown on these tables indicated that 
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Table 5.27: Differential Pressure (Iris Closed, Low Flue Gas Velocity) 
Return Water 
Temperature 
(K) 
Plain Tubes 
(mbar) x 102 
Roped Tubes 
(mbar) x 102 
Plain / Finned 
Tubes 
(mbar) x 102 
Roped / Finned 
Tubes 
(mbar) x 102 
308.00 5.19 5.26 0.86 0.90 
313.00 5.07 5.32 0.57 0.84 
318.00 4.73 5.31 0.78 0.89 
323.00 5.33 5.25 0.75 0.71 
328.00 5.42 5.13 0.80 0.84 
333.00 5.41 5.03 0.69 0.64 
the small difference in the mass flow rate (0.12 kg/s compared to 0.11 kg/s) 
made little difference to the differential pressure across the four heat 
exchangers. 
Increasing the velocity of the combustion products with the iris closed 
produced experimental data, Table 5.28, that showed the 
Table 5.28: Differential Pressure (Iris Closed, High Flue Gas Velocity) 
Return Water 
Temperature 
(K) 
Plain Tubes 
(mbar) x 102 
Roped Tubes 
(mbar) x 102 
Plain / Finned 
Tubes 
(mbar) x 102 
Roped / Finned 
Tubes 
(mbar) x 102 
308.00 2.83 4.82 6.37 5.89 
313.00 3.45 4.77 6.46 5.68 
318.00 
, 3.11 4.63 5.88 5.93 
323.00 2.98 4.42 6.22 5.75 
328.00 3.87 4.72 5.81 5.96 
333.00 3.44 4.55 5.62 5.72 
same trends as the results shown on Table 5.26. These results also produced 
further evidence that the small difference in the mass flow rate made only 
small differences to the differential pressure across the experimental heat 
exchangers. 
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5.2.5 Condensate Produced by the Heat Exchangers 
The amount of condensate produced by each of the four experimental heat 
exchangers was accurately determined through the use of a 500m1 glass 
beaker, a calibrated gravitron weighing machine and a stopwatch (Section 
4.5.5). The recorded experimental data has been presented in the form of 
grams of condensate collected per second on Tables 5.29 to 5.32. The data has 
been presented in this manner in order to examine the effect that the flue gas 
velocity and the iris had on the amount of condensate produced. 
Table 5.29 shows data recorded when the iris was in the open position and the 
flue gas flowed at the lower of the two experimental velocities. 
Table 5.29: Collected Condensate (Iris Open, Low Flue Gas Velocity) 
Return Water 
Temperature 
(K) 
Plain Tubes 
(g/s) x 102 
Roped Tubes 
(g/s) x 102 
Plain / Finned 
Tubes 
(g/s) x 10, 
Roped / Finned 
Tube 
(g/s) x 102 
308.00 4.41 4.07 4.77 6.41 
313.00 2.38 1.94 1.39 2.06 
318.00 0.21 0.20 0.24 0.29 
323.00 0.21 0.20 0.17 0.13 
328.00 
P 
0.16 0.18 0.21 0.18 
3 33.00 0.17 0.17 0.14 0.13 
From this table, it can be seen that at the lowest return water temperature (308 
K), the largest amount of condensate was produced by each of the four 
experimental heat exchangers. Also at this return water temperature, the roped 
and finned tube hybrid heat exchanger was found to have produced the largest 
amount of condensate of the four experimental heat exchangers which 
coincided with previous results (Section 5.2.1) that this heat exchanger also 
transferred the greatest amount of heat. The roped tube hybrid heat exchanger 
produced 34.3 % more condensate than the plain tube hybrid heat exchanger at 
the same return water temperature. It was believed that the difference in the 
amount of condensate produced could be attributed in part to the greater 
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amount of heat transferred but also to the efficient removal of condensate from 
the surface of the roped tubes (thereby reducing the insulating effect that 
condensate can have on heat transfer). When the results of the plain and roped 
tube heat exchangers (for a return water temperature of 308 K) were 
compared, the amount of collected condensate was found to be very similar. 
The plain tube heat exchanger produced slightly more condensate 
(approximately 9.1 %) than the roped tube heat exchanger. 
When the return water temperature was raised to 313 K, the amount of 
condensate produced by all four of the experimental heat exchangers dropped 
dramatically. For both the plain and roped tube heat exchangers, the amount of 
measured condensate dropped to 54% and 48% respectively of the totals 
recorded at the return water temperature of 308 K. A larger drop in the amount 
of measured condensate was also observed for both of the hybrid heat 
exchangers. The plain tube and the roped tube hybrids were found to have 
produced just 29.2 % and 32 % respectively of the condensate produced at the 
return water temperature of 308 K. 
When the return water temperature was progressively raised from 313 K up to 
333 K, the amount of condensate collected for all four of the experimental heat 
exchangers was found to be less than 0.3 grams per second. This consistently 
small amount of condensate was thought to have been the result of 
condensation taking place within the rubber hose used to channel the 
condensate from the condensate collector of the heat exchanger assembly to 
the glass beaker. 
A detailed description of the condensate regime observed for each of the 
experimental heat exchangers shown on Table 5.29 may be found in Appendix 
D (Tables D-1 to D-4). When examining the tables shown in Appendix D, it 
should be noted that the tubes in the heat exchangers were numbered from top 
to bottom in these experiments. Therefore, the top tube in the heat exchanger 
was tube 1 and the bottom tube where the return water entered the heat 
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exchanger was tube S. So. the return water that entered the heat exchanger was 
coolest (regardless of entry temperature) at the entrance to tube 5 in all of the 
heat exchangers. It should also be noted that although the condensing fluid 
used in the present investigation (i. e hot natural gas combustion products) was 
different than those used in various experiments for plain (117), (118), roped 
(138), (141) and finned tubes (187), (191), (193) the behaviour of the 
condensate on the tubes was very similar. 
When the flue gas velocity was increased and the iris on the experimental 
apparatus was in the open position, the general trend of the data, as shown on 
Table 5.30, was found to very similar to that shown on Table 
Table 5.30: Collected Condensate (Iris Open, High Flue Gas Velocity) 
Return Water 
Temperature 
(K) 
Plain Tubes 
(g/s) x 102 
Roped Tubes 
(g/s) x 101 
Plain / Finned 
Tubes 
(g/s) x 10, 
Roped / Finned 
Tubes 
(g/s) x 102 
308.00 7.42 7.53 6.14 7.27 
313.00 3.71 3.13 1.95 2.27 
318.00 0.22 0.21 0.33 0.29 
323.00 0.21 0.18 0.19 0.23 
328.00 0.14 0.11 0.18 0.18 
333.00 0.10 0.08 0.22 0.21 
5.29. When the return water temperature was 308 K, the largest amount of 
condensate was collected for all of the experimental heat exchangers. As the 
return water temperature was increased to 313 K, the amount of condensate 
collected was found to be approximately half of the amount of condensate 
collected when the return water temperature was 308 K. Between the return 
water temperatures of 318 K and 333 K the amount of collected condensate 
was found to be less than 0.34 grams per second. This was believed to be 
condensate that had formed in the rubber tube that channelled the condensate 
from the condensate collector of the heat exchanger assembly to the glass 
beaker. 
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When the amount of condensate collected for the four heat exchangers was 
analysed, it was observed that when the return water temperature was 308 K, 
more condensate was produced by both the plain and the roped tube heat 
exchangers than the hybrid exchangers, with the roped tube heat exchanger 
generating the greatest amount of condensate. This was believed to have been 
caused by more of the hot flue gases reaching tubes 4 and 5 in both the plain 
and roped tube heat exchangers which contained the 'coolest' return water in 
the heat exchanger. With the hybrid heat exchangers, more of the heat was 
believed to have been removed by the finned tubes (through greater heat 
transfer surface area) at the top of the heat exchangers resulting in less 
condensate. The result of plain and roped tube heat exchangers producing 
more condensate than the hybrid heat exchangers was also observed when the 
return water temperature was 313 K. 
When the return water temperature was 308 K, it was observed that more 
condensate was produced by all of the experimental heat exchangers when the 
flue gas velocity was increased. For the plain tube heat exchanger, the rate of 
condensate collected was found to be 68.2 % greater at the higher flue gas 
velocity of 4.0 m/s (Table 5.30) than when the velocity was 0.8 m/s, Table 
5.29. When the same comparison was carried out for the roped tube heat 
exchanger, an 85 % increase in the amount of condensate collected was 
observed when the flue gas velocity was increased. The increases in the 
amount of condensate collected for the hybrid heat exchangers as the flue gas 
velocity was increased however were found to be much less than those of the 
plain and roped tube heat exchangers. For the plain and finned tube hybrid and 
the roped and finned tube hybrid, increases of 28.7 % and 13.34 % were 
found respectively. A description of the condensate regime observed on the 
four experimental heat exchangers at high flue gas velocity can be found on 
Tables D-5 to D-8 in Appendix D. 
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When the iris mounted on the experimental apparatus was closed and the 
velocity of the combustion products flowing through the four heat exchangers 
was low, the general trend of the recorded data (Table 5.31) was found 
Table 5.31: Collected Condensate (Iris Closed, Low Flue Gas Velocity) 
Return Water 
Temperature 
(K) 
Plain Tubes 
(g/s) x 102 
Roped Tubes 
(g/s) x 102 
Plain / Finned 
Tubes 
(g/s) x 102 
Roped / Finned 
Tubes 
(g/s) x 102 
308.00 4.27 5.06 6.08 6.93 
313.00 3.01 1.88 1.32 2.84 
318.00 0.17 0.18 0.26 0.24 
323.00 0.15 0.18 0.23 0.21 
328.00 0.20 0.19 0.22 0.22 
333.00 0.18 0.20 0.20 0.16 
to be similar to the data shown on Tables 5.29 and 5.30. The data was similar 
in that high levels of condensate were collected at return water temperatures of 
308 K and 313 K while relatively small amounts were collected as the return 
water temperature was progressively raised up to 333K. When the results were 
compared with the data shown on Table 5.29 (Iris open and low flue gas 
velocity), it was observed that more condensate was collected for the roped, 
plain tube hybrid and roped tube hybrid heat exchangers when the iris was 
closed (24.28 %, 27.47% and 8.14% respectively). For the plain tube heat 
exchanger, less condensate (-3.15 %) was collected when the iris was closed 
compared to when the iris was open. When a similar comparison was carried 
out using the 3 13 K return water temperature data, the results were found to be 
less conclusive. When the iris was closed, more condensate was collected from 
the plain tube and the roped and finned tube hybrid heat exchangers and less 
condensate was collected from the roped tube and the plain and finned tube 
heat exchangers. A description of the condensate regime observed for each of 
the four heat exchangers when the iris was in the closed position and the flue 
gas velocity was low can be found on tables D-9 to D-12 in Appendix D. 
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When the iris on the experimental apparatus was closed and the flue gas 
velocity increased the general trend of the recorded data (Table 5.32) was 
found to be the same as the data shown on Tables 5.29, 
Table 5.32: Collected Condensate (Iris Closed, High Flue Gas Velocity) 
Return Water 
Temperature 
(K) 
Plain Tubes 
(g/s) x 102 
Roped Tubes 
(g/s) x 102 
Plain / Finned 
Tubes 
(g/s) x 102 
Roped / Finned 
Tubes 
(g/s) x 102 
308.00 7.77 7.61 6.50 8.34 
313.00 3.69 4.03 2.74 3.82 
318.00 0.24 0.24 0.39 0.26 
323.00 0.19 0.16 0.17 0.19 
328.00 0.11 0.13 0.16 0.19 
333.00 0 0.12 0.10 0.13 0.21 
5.30 and 5.31. High levels of condensate were collected at the lower return 
water temperatures of 308 K and 313 K and the levels of condensate collected 
at the higher return water temperatures of 318 K to 333K varied slightly. At 
the return water temperature of 308 K, the amount of condensate collected for 
the four heat exchangers at high flue gas velocity with the iris closed was 
found to be greater than the results recorded at low flue gas velocity for the 
same return water temperature (Table 5.31) in all cases. This trend was also 
observed for the data recorded at the return water temperature of 313K. The 
amount of condensate collected for both the plain and roped tube heat 
exchangers at high velocity was found to be much greater than at low flue gas 
velocity (82% and 50.3% more for the plain and roped tube heat exchangers 
respectively). The increase in the amount of condensate collected for the 
hybrid heat exchangers when the flue gas velocity was high compared to low 
however was found to be much less than for either the plain or the roped tube 
bundles. For the plain and finned tube hybrid heat exchanger, the increase in 
the amount of condensate collected was only 6.8% but for the roped and 
finned tube hybrid heat exchanger the increase was found to be 20.3%. A 
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description of the condensate regime present on each of the four experimental 
heat exchangers is located in Appendix D on Tables D-13 to D-16. 
When the condensate levels measured at the return watertemperature of 308 K 
were compared with respect to the levels of excess air (ie iris closed, Table 
5.32, compared to iris open, Table 5.30, at the same flue gas velocity) it was 
observed that more condensate was collected when the iris was closed for all 
four of the experimental heat exchangers. This trend was also observed for the 
data recorded at the return water temperature of 313K with the exception of 
the plain tube data, which was found to be virtually identical. The percentage 
differences in the experimental data recorded at the return water temperature 
of 308 K were not large, but show that more condensate could be produced 
when less excess combustion air was present in the secondary heat exchanger 
of a condensing boiler. The percentage differences between the two sets of 
recorded results for the plain tube and roped tube heat exchangers were 4.8% 
and 0.96% respectively while the percentage differences for the plain and 
finned hybrid and the roped and finned hybrid were 5.8% and 14.85% 
respectively. 
5.2.7 Experimental Conclusions 
The analysis of the experimental data, that was recorded in the course of the 
present investigation, resulted in a number of conclusions. These were as. 
follows: 
1) In both the condensing and the non-condensing regimes, the plain tube heat 
exchanger transferred more heat than the roped tube heat exchanger. The plain 
tube heat exchanger transferred more heat regardless of the velocity of the 
combustion products and the position of the iris mounted on the experimental 
apparatus. These experiments provided important information about the 
performance of roped tubes in a non-condensing environment. 
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2) The roped and finned tube hybrid heat exchanger transferred more heat 
than the equivalent plain and finned tube heat exchanger, regardless of both 
the flue gas velocity and the position of the iris located on the test equipment. 
3) In terms of the amount of heat transferred, the order of performance of the 
four heat exchangers under investigation was as follows: roped and finned 
tube hybrid, plain and finned tube hybrid, plain tube heat exchanger, roped 
tube heat exchanger. 
4) In all cases (when the iris on the experimental apparatus was both in the 
open and closed position), an increase in the velocity of the combustion 
products resulted in an increase in the amount of heat transferred by the heat 
exchangers. 
5) In the condensing regime, the effect on the experimental heat exchangers of 
increasing the amount of oxygen excess to that required for stoichiometric 
combustion was that less heat was transferred. 
6) In the non-condensing regime, as the percentage of oxygen excess to that 
required for stoichiometric combustion was increased, more heat was 
transferred by the four experimental heat exchangers. 
7) At low flue gas velocity (0.8 m/s), when the iris present on the 
experimental apparatus was set in either the open or the closed position, the 
differential pressure across the plain and roped tube heat exchangers was 
found to be very similar. Also, at low flue gas velocity, the hybrid heat 
exchangers were found to have much smaller pressure differentials than both 
the plain and roped tube heat exchangers. 
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8) At high flue gas velocity (4.0 m/s), the roped tube heat exchanger had a 
greater differential pressure across the heat exchanger than the plain tube heat 
exchanger in all cases (when the iris mounted on the experimental apparatus 
was in both the open and the closed position). The effect of high velocity flue 
gas on the differential pressure across the hybrid heat exchangers was found 
to be less conclusive than for the plain and roped tube heat exchangers. 
9) In the condensing regime (return water temperatures of 308 K and 313 K), 
the plain tube heat exchanger was found to produce more condensate than the 
roped tube heat exchanger when the iris mounted on the experimental 
apparatus was in the open position and the flue gas velocity was 0.8 m/s. 
For the same conditions, the roped and finned tube hybrid heat exchanger 
produced more condensate than the plain and finned tube hybrid. The same 
trend in performance (outlined above) was observed when the flue gas velocity 
was 1.45 m/s. 
10) More condensate was produced by all four of the heat exchangers under 
investigation when the velocity of the flue gas was high compared to when it 
was low. 
5.3 Theoretical Results Comparison 
The literature survey (Chapter 2) has shown that a considerable amount of 
research work has been carried out in the field of calculating the heat transfer 
coefficients for both the inside and the outside surfaces of plain, roped and 
finned tubes. In order to theoretically simulate the performance of the four 
experimental heat exchangers (Section 5.2), a number of the equations 
developed to calculate heat transfer coefficients have been used to modify a 
CFD model, Chapter 3. Using this model and the theoretical programme 
outlined in Section 3.6 (and Appendix A), a large number of CFD runs were 
carried out. It should be noted that all of the CFD runs were carried out using 
a mass flow of the combustion products equal to 0.12 kg/s which was 
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equivalent to having the iris mounted on the experimental apparatus set in the 
open position. The results of these simulations are shown in Appendices E to 
H and the comparisons of the experimental and theoretical data are outlined in 
the following sections (Sections 5.3.1 to 5.3.4). For ease of presentation 
regarding the combinations of equations used in the CFD model, a table 
(Table 5.33) has been prepared that lists the various combinations. 
Table 5.33: Combinations of Theoretical Equations 
Combination Finned Tubes - Finned Tubes - Plain / Roped Plain / Roped 
Outside Heat Inside Heat Tubes-Outside Tubes-Inside 
Trans Coeff Trans Coeff Heat Trans Coeff Heat Trans 
Coeff 
A - - Fujii (85) Petukhov (57) 
B Mineur (72) Dittus 
Boelter (55) 
C - - Mineur (72) Seider-Tate 
(56) 
D - - Fujii (85) Dittus 
Boelter (55) 
E - - Fujii (85) Rabbas (156) 
F - - Mineur (72) Rabbas(156) 
G Mineur-Fujii Petukhov (57) Fujii (85) Petukhov (57) 
(72), (85) 
H Mineur (72) Dittus Fujii (85) Dittus 
Boelter (55) Boelter (55) 
I Mineur (72) Seider-Tate Mineur (72) Seider-Tate 
(56) (56) 
J Fujii-Rose Petukhov (57) Fujii (85) Petukhov (57) 
(85), (174) 
K Mineur-Fujii Dittus Fujii (85) Dittus 
(72), (85) Boelter (55) Boelter (55) 
L Mineur-Fujii Petukhov (57) Fujii (85) Rabbas (156) 
(72), (85) 
M Mineur-Fujii Dittus Fujii (85) Rabbas (156) 
(72), (85) Boelter (55) 
N Mineur (72) Seider-Tate Fujii (85) Rabbas (156) 
(56) 
0 Mineur (72) Seider-Tate Mineur (72) Rabbas (156) 
(56) 
P Fujii-Rose Petukhov (57) Fujii (85) Rabbas (156) 
(85), (174) 
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5.3.1 Plain Tube Heat Exchanger 
The results of the Cobra HX CFD model simulations, which were carried out 
using both low and high flue gas velocities in order to simulate the 
performance of the plain tube heat exchanger, are shown in Appendix E. The 
data within this Appendix has been organised into nine distinct groups for both 
the low and the high flue gas velocity simulations. Each of these groups 
contain the inlet water temperature , the theoretical result 
(in Watts) obtained using that particular combination of equations, the 
comparable experimental result (also in Watts) and the combination of 
equations used in the simulation (the outside heat transfer equation is listed 
first followed by the inside heat transfer equation). It is important to note that 
both the theoretical and experimental data shown in each of the nine data 
groups for the six return water temperatures represents the result for the entire 
heat exchanger (i. e 5 tubes) and not an individual tube. 
An examination of the low flue gas velocity (0.8 m/s) results in Appendix E 
showed that in the condensing regime (308 K and 313 K return water 
temperatures), the combination of equations that most closely simulated the 
performance of the plain tube heat exchanger consisted of the Fujii et al (85) 
equation (Eqn 2.21) to calculate the outside heat transfer coefficient and the 
Petukhov (57) equation (Eqn 3.7) to calculate the inside heat transfer 
coefficient. It is important to note that the use of the Fujii et al (85) and the 
Petukhov (57) equations, combination A from Table 5.33, produced heat 
transfer results (shown in bold in Appendix E) that were only marginally 
greater than similar results calculated using the Fujii et al (85) equation in 
combination with both the Dittus-Boelter (55) and Seider-Tate (56) equations. 
This shows that the inside heat transfer coefficient had a very small impact on 
the overall amount of heat transferred by the secondary or condensing heat 
exchanger in a condensing boiler. 
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In both the transitional and the non-condensing regimes (323 K to 333 K 
return water temperatures), the theoretical results that most closely matched 
the experimental data were calculated using the Mineur and Dunstan (72) 
equation. The use of either the Kays and London (73) or the Churchill and 
Bernstein (71) equations to calculate the outside heat transfer coefficient of the 
plain tube produced heat transfer results that were without exception less than 
those produced using the Mineur and Dunstan (72) equation. 
When the results of the theoretical simulations were compared directly with 
the experimentally recorded data, as shown on Table 5.34, in all cases the 
Table 5.34: Theoretical Results Comparison 
(Plain Tubes, Flue Gas Velocity=0.8 m/s) 
Return Water 
Temperature 
(K) 
Experiment 
Results (Watts) 
Theoretical 
Results (Watts) 
Percent 
Difference (%) 
Combination of 
Equations 
308.00 672.50 356.68 -46.96 A 
313.00 572.66 339.52 -40.71 A 
318.00 478.85 152.46 -68.16 B 
323.00 410.97 147.00 -64.23 B 
328.00 355.34 137.48 -61.31 C 
333.00 356.56 129.19 -63.77 C 
theoretical results underpredicted the experimental data. This underprediction 
was found to range from -40.71% to -68.16%, as shown on Figure 5.29. The 
level of underprediction of the experimental results was smaller in the 
condensing regime than the non-condensing regime and may have been caused 
by factors such as the assumptions used in the equations and the condensate 
regime present on the surface of the tubes. 
In developing Eqn (2.21), Fujii et al (85) assumed that there was a filmwise 
condensation regime present on the surface of the tube and that 80% of the 
condensation on a horizontal tube takes place on the upper half of the tube. 
During the plain tube experiments, it was observed (Table D-1 in Appendix D) 
that for the coolest return water temperature of 308 K, a filmwise condensate 
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regime was only present on tubes 4&5 of the plain tube heat exchanger. This 
difference in the condensate regimes (between what was assumed by Fujii et al 
(85) and what was observed during the experiments) meant that more heat 
would be transferred by the plain tube heat exchanger as an insulating layer of 
condensate was not present on all of the tubes in the heat exchanger and would 
lead to a theoretical underprediction of the experimental results. 
When the Mineur and Dunstan (72) equation, Eqn (2.5), was developed a 
constant Prandtl number of 0.7 was assumed. The Prandtl number however 
can change depending on both the level of excess air used and the temperature 
of the combustion products (225). This difference in the Prandtl number, 
which would be used in the CFD iterative process, could have led to the 
differences between the theoretical and the experimental data. 
Once the analysis of the low flue gas velocity (0.8 m/s) results was complete, 
the Cobra HX CFD model was then used to simulate the effect that high flue 
gas velocity (4.0 m/s) would have on the plain tube heat exchanger. The 
results of these CFD runs are shown in Appendix E and like the low flue gas 
velocity results, have been organised into nine groups. The theoretical results 
that most closely approximated the experimental data are shown on Table 
5.35. From this Table, the experimental data recorded in the condensing 
Table 5.35: Theoretical Results Comparison 
(Plain Tubes, Flue Gas Velocity=4.0 m/s) 
Return Water 
Temperature 
(K) 
Experiment 
Results (Watts) 
Theoretical 
Results (Watts) 
Percent 
Difference (%) 
Combination of 
Equations 
308.00 899.59 764.34 -15.03 D 
313.00 751.62 728.18 -3.11 D 
318.00 595.32 485.39 -18.47 B 
323.00 557.28 449.90 -19.27 B 
328.00 546.70 424.96 -22.27 B 
333.00 500.78 398.41 -20.44 C 
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regime (308 K and 313 K return water temperatures) was best simulated 
through the use of the equations in combination D (Table 5.33). At the higher 
flue gas velocity, the CFD model underpredicted the experimental data by 
between -3.11% and -15.03% (as shown on Figure 5.30) compared to -46.96% 
and -40.71% when the flue gas velocity was 0.8 m/s. This indicated that Eqn 
(2.21) developed by Fujii et al (85) was more appropriate for simulation 
purposes when a high flue gas velocity is present in a condensing heat 
exchanger. 
For the return water temperatures 318 K to 328 K, the closest theoretical 
simulations of the experimental data were achieved using combination B 
(Table 5.33). As shown in Appendix E when Eqn (2.5) as developed by 
Mineur and Dunstan (72) was used to calculate the outside heat transfer 
coefficient of the plain tubes, the theoretical results were approximately 100 W 
and 150 W greater than similar results calculated using equations developed 
by Kays and London (73) and Churchill and Bernstein (71) respectively. 
When the return water temperature was 333 K, the experimental data was most 
closely simulated through the use of combination C. Although the best 
theoretical result for this return water temperature was achieved through the 
use of a nominally different combination of equations, it is important to note 
that the same equation was used to calculate the outside heat transfer 
coefficient (Eqn (2.5)) and that the difference between the theoretical results 
achieved using combinations B and C was only 0.00084% (Appendix E). 
In the transitional and the non-condensing regimes (return water temperatures 
of 318 K to 333 K), the theoretical results calculated using the CFD model 
underpredicted the experimentally recorded data, Table 5.35, in all cases. The 
range of the underprediction was from as low as -3.11% to -22.47% and was in 
all cases better than the theoretical results calculated using the CFD model 
when a low flue gas velocity was used, Table 5.34. 
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5.3.2 Roped Tube Heat Exchanger 
The results of the CFD work that was carried out to simulate the performance 
of the roped tube heat exchanger are located in Appendix F. Fewer simulations 
were carried out for the roped tube heat exchanger compared to the plain tube 
heat exchanger as fewer equations were used. The equations developed by 
Fujii et al (85), Mineur and Dunstan (72), Kays and London (73) and Churchill 
and Bernstein (71) were used to calculate the heat transfer coeficient on the 
outside surface of the tubes but only one equation, developed by Rabbas et al 
(156), was used to calculate the inside heat transfer coefficient. The Rabbas et 
al (156) equation, Eqn (2.87), was used in preference to the other equations 
outlined in Section 2.4.4 as it was developed using a large heat transfer 
coefficient database that contained 458 data points and 41 different roped tube 
geometries. The equation developed by Ravigururajan and Bergles (154), Eqn 
(2.86), was not used as it was developed using information about wire coils 
(which is beyond the scope of this thesis). Also Eqn's (2.83), (2.85) and (2.88) 
were not used as they were developed using a limited number of tube 
geometries, which would restrict their use to a small number of types of roped 
tubes. 
Table 5.36 shows that the equations used in combinations E and F (Table 
5.33) 
Table 5.36: Theoretical Results Comparison 
(Roped Tubes, Flue Gas Velocity=0.8m/s) 
Return Water 
Temperature 
(K) 
Experiment 
Results (Watts) 
Theoretical 
Results (Watts) 
Percent 
Difference (%) 
Combination of 
Equations 
308.00 647.58 363.38 -43.88 E 
313.00 551.54 349.36 -36.66 E 
318.00 394.47 156.26 -60.39 F 
323.00 422.56 149.20 -64.69 F 
328.00 349.42 139.90 -59.96 F 
333.00 346.33 130.98 -62.18 F 
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provided the closest theoretical simulation of the experimental data recorded 
using the roped tube heat exchanger when the flue gas velocity was 0.8 m/s. 
In all cases the CFD model produced results that underpredicted the 
experimental data. In the condensing regime (308 K and 313 K return water 
temperatures), the underprediction ranged from -36.66 % to -43.88% and was 
believed to have been caused by the assumption in the Fujii et al (85) equation 
that a filmwise condensate regime existed on the surface of the tubes. Table 
D-2 in Appendix D states however that very little condensate was actually 
present on the surface of any of the five roped tubes in the heat exchanger. 
Without this thin layer of condensate, that would have acted as an insulator to 
effective heat transfer, the roped tube heat exchanger would transfer 
considerably more heat than if this layer of condensate was present on the 
surface of the tubes. 
For the remaining return water temperatures shown on Table 5.36, 
combination F provided theoretical results that most closely approximated the 
experimental data. Although the Mineur and Dunstan (72) and Rabbas et al 
(156) equations produced theoretical results that were better than those 
produced using the Kays and London (73) and the Churchill and Bernstein 
(71) equations (Appendix F), the CFD model considerably underpredicted the 
experimental results. This underprediction ranged from -59.96% to -64.69% 
and is shown on Figure 5.31. 
When the results of the theoretical comparison for the roped tube heat 
exchanger (Table: 5.36) were compared with the results of the comparison 
carried out for the plain tube heat exchanger (Table 5.34), it was observed that 
the percentage difference figures for the two comparisons were very similar. 
As only the equations used to calculate the inside heat transfer coefficient were 
different in the various combinations of equations, this provides further 
evidence that in the second or condensing heat exchanger of a condensing 
boiler the inside heat transfer coefficient has only a small impact on the overall 
amount of heat transferred by the heat exchanger. 
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When a similar examination of the experimental and theoretical data 
(Appendix F) was carried out at high flue gas velocity (4.0 m/s), the 
combinations of equations that produced theoretical results closest to the 
experimental data were again combinations E and F, as shown on Table 5.37. 
Table 5.37: Theoretical Results Comparison 
(Roped Tubes, Flue Gas Velocity=4.0 m/s) 
Return Water 
Temperature 
(K) 
Experiment 
Results (Watts) 
Theoretical 
Results (Watts) 
Percent 
Difference (%) 
Combination of 
Equations 
308.00 892.25 801.54 -10.16 E 
313.00 751.93 755.86 0.52 E 
318.00 551.54 507.38 -8.01 F 
323.00 496.78 467.35 -5.92 F 
328.00 492.09 442.74 -10.03 F 
333.00 474.01 412.21 -13.04 F 
The results of the CFD model were however found to closely simulate the 
experimental data, as shown on Figure 5.32. With the exception of the 313 K 
theoretical result (which overpredicted the experimental data by 0.52 %) the 
CFD model results underpredicted the experimental data. However, this 
underprediction was found to range from only -5.92 % to -13.04 % instead of 
the -36.66 % to -64.69 % underprediction shown on Table 5.36. The close 
agreement between the theoretical and the experimental results when the flue 
gas velocity was 4.0 m/s may have been caused by the condensate regime 
present on the roped tubes during the experiments (Table D-6, Appendix D). 
For the return water temperatures of 308K and 313K, there was a heavy 
condensate loading on all five of the roped tubes that made up the heat 
exchanger and, in some cases, a filmwise condensation regime was nearly 
formed. This condensate regime was similar to the assumption made by Fujii 
et al (85) in order to develop Eqn (2.21). 
A comparison of the theoretical and experimental results for the roped tube 
(Table 5.37) and the plain tube (Table 5.35) heat exchangers showed that the 
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CFD model was able to predict the performance of the roped tube heat 
exchanger with greater accuracy. The precent difference between the 
theoretical and the experimental results ranged from +0.52% to -13.04% for 
the roped tube heat exchanger compared to -3.11 % to -22.27% for the plain 
tube heat exchanger. 
5.3.3 Plain and Finned Tube Hybrid Heat Exchanger 
The simulation of the plain and finned tube hybrid heat exchanger was the 
most difficult of the four heat exchangers due to the large number (36) of 
possible combinations of equations. This large number of simulations 
stemmed from the need to have theoretical equations for both the finned and 
the plain tubes in order to calculate the outside heat transfer coefficient in both 
the condensing and non-condensing regimes. A number of equations were also 
used to calculate the inside heat transfer coefficients of the plain and finned 
tubes. The results of all of the CFD simulations carried out using the Cobra 
HX CFD model for the finned and plain tube hybrid heat exchanger at both the 
low (0.58 m/s) and high (1.45 m/s) flue gas velocity conditions are shown in 
Appendix G. 
Two Tables (Tables 5.38 and 5.39) have been used to display the theoretical 
Table 5.38: Theoretical Results Comparison 
(Plain/Finned Tubes, Flue Gas Velocity=0.58m/s) 
Return Water 
Temperature 
(K) 
Experiment 
Results (Watts) 
Theoretical 
Results (Watts) 
Percent 
Difference (%) 
Combination of 
Equations 
308.00 864.19 333.68 -60.38 G 
313.00 801.82 322.70 -59.75 G 
318.00 684.58 216.96 -68.31 H 
323.00 637.49 159.98 -74.90 I 
328.00 561.26 149.53 -73.36 I 
333.00 502.11 140.47 -72.02 I 
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Table 5.39: Theoretical Results Comparison - Rose (174) Enhancement Factor 
(Plain/Finned Tubes, Flue Gas Velocity=0.58 m/s) 
Return Water Experiment Theoretical Percent Combination of 
Temperature Results (Watts) Results (Watts) Difference (%) Equations 
(K) 
308.00 864.19 1,355.12 56.81 J 
313.00 801.82 1,285.17 60.28 1 
results in order to highlight the differences in the theoretical data obtained 
using the finned tube combinations G and J (Table 5.33) in the condensing 
regime. From Table 5.38, it can be seen that in the condensing regime (return 
water temperatures of 308K and 313K) the theoretical results obtained using 
the CFD model underpredicted the experimental results by between -60.38 % 
and -59.75 %. The theoretical results shown on Table 5.39 however were 
found to overpredict the experimental results by a similar order of magnitude. 
The underprediction of the experimental results through the use of 
combination G in the CFD model may have been caused by the use of the 
equivalent diameter equation for finned tubes, Eqn 3.8, developed by Mineur 
and Dunstan (72). Equation 3.8 (Section 3.5.4) was developed in order to 
calculate the equivalent diameter of a plain tube necessary to provide the same 
outside surface area as a finned tube. The equivalent diameter for the finned 
tubes was then substituted into Eqn (2.21) in order to calculate the amount of 
heat transferred by the hybrid heat exchanger. The use of Eqn (3.8) however 
appears to have had no effect on the calculation process. This was determined 
by comparing the theoretical results for the 308 K and 313 K return water 
shown on Table 5.38 with the theoretical results for the plain tube heat 
exchanger for the same conditions, Table 5.34. The theoretical results 
calculated for both of the heat exchangers were found to be very similar, 
whereas more heat was transferred by the hybrid heat exchanger (due to the 
extra heat transfer surface area provided by the finned tubes) than the plain 
tube heat exchanger. 
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The use of combination J in the CFD model resulted in an overprediction of 
the plain and finned tube hybrid heat exchanger experimental results that 
ranged from 56.81% to 60.28%. This overprediction could have been caused 
by the constants contained within Eqn (2.92) developed by Rose (174). Rose 
used previously published experimental data and an extensive programme of 
curve fitting in order to obtain the constants. The experimental data however 
was obtained using a variety of condensing fluids such as steam, glycol, 
methanol and the refrigerants R11, R12 and R113 which all have different 
physical properties than the products of natural gas combustion. 
In the transition (318 K return water temperature) and non-condensing 
regimes, the combinations of theoretical equations that most closely simulated 
the experimental data were combinations H and I respectively (Table 5.38). 
Like the theoretical results for the condensing regime, the theoretical results 
for the non-condensing regime considerably underpredict the experimental 
data, as shown on Figure 5.33. This could be explained by the use of Eqn (3.8) 
which appeared to have no effect on the calculation process and the 
coefficient of 0.8 in Eqn (2.5) which was determined by assuming a constant 
Prandtl number of 0.7 for the products of combustion, discussed in Section 
5.3.1. 
When the same comparison of theoretical and experimental results was carried 
out at high flue gas velocity (Table 5.40), the same combination of equations, 
as shown on Table 5.38 for low flue gas velocity, were found to produce the 
closest theoretical results for the transition and non-condensing regimes 
(Combinations H and I respectively). The agreement between the theoretical 
and the experimental results was found to be better at high flue gas velocity 
(1.45 m/s) than at low flue gas velocity (0.58 m/s). From Table 5.40 and 
Figure 5.34, it can be seen that in the transition and non-condensing regimes 
the Cobra HX CFD model underpredicted the experimental results in all cases. 
This underprediction ranged from -59.21% to -67.62 %. This range of 
theoretical results was found to more closely resemble the experimental data 
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than the theoretical results obtained at low flue gas velocity (which 
underpredicted the experimental results by between -68.31 % to -74.9% as 
shown on Table 5.38) indicating that the equations used in the CFD model are 
more appropriate for high flue gas velocity applications. 
Table 5.40: Theoretical Results Comparison 
(Plain/Finned Tubes, Flue Gas Velocity=1.45 m/s) 
Return Water 
Temperature 
(K) 
Experiment 
Results (Watts) 
Theoretical 
Results (Watts) 
Percent 
Difference (%) 
Combination of 
Equations 
308.00 1,044.38 511.54 -51.02 K 
313.00 900.53 491.41 -45.43 G 
318.00 829.78 338.45 -59.21 H 
323.00 738.82 255.70 -65.39 I 
328.00 709.77 240.59 -66.10 I 
333.00 696.96 225.66 -67.62 1 
The results at high flue gas velocity for the condensing regime (Tables 5.40) 
showed that the closest theoretical simulations of the experimental results 
were achieved using combinations K and G. The use of these particular 
combinations also resulted in an underprediction of the experimental results 
similar to that shown on Table 5.38. The percentage difference between the 
theoretical and experimental data however was smaller and ranged from 
-45.43 % to -51.02% compared to -59.75% to -60.38% at low flue gas 
velocity. When the Cobra HX CFD model was re-run for the return water 
temperatures of 308 K and 313 K using combination J, the theoretical results 
were found to ovgrpredict the experimental data, Table 5.41. The 
overprediction of the experimental results ranged from 69.26% to 86.38%, 
which was greater than the results obtained using combinations K and G 
(Table 5.40). This indicated that the use of combination J should be considered 
primarily for applications where the velocity of the combustion products 
flowing through a heat exchanger is low. 
232 
Table 5.41: Theoretical Results Comparison - Rose (174) Enhancement Factor 
(Plain/Finned Tubes, Flue Gas Velocity=1.45 m/s) 
Return Water Experiment Theoretical Percent Combination of 
Temperature Results (Watts) Results (Watts) Difference (%) Equations 
(K) 
308.00 1,044.38 1,767.69 69.26 J 
313.00 900.53 1,678.44 86.38 J 
5.3.4 Roped and Finned Tube Hybrid Heat Exchanger 
In order to simulate the performance of the roped and finned tube hybrid heat 
exchanger, a series of twelve CFD runs was carried out for each of the flue gas 
velocity conditions (i. e 0.58 m/s and 1.45m/s). The results of these CFD 
simulations are shown in Appendix H. An examination of the low flue gas 
velocity (0.58 m/s) results shown in Appendix H determined that in the 
transitional and the non-condensing regimes (return water temperatures of 318 
K to 333 K), the experimental results were more closely simulated using the 
finned tube equation (Eqn (3.8)) developed by Mineau and Dunstan (72) than 
the Briggs and Young (161) equation (Eqn (2.89)). It was also observed in the 
non-condensing regime (323 K to 333 K return water temperatures) that the 
order of performance of the equations used to calculate the outside heat 
transfer coefficients of the roped tubes was Mineur and Dunstan (72), 
Churchill and Bernstein (71) and Kays and London (73) respectively. The 
theoretical results that most closely resembled the experimentally recorded 
data are shown in bold in Appendix H and are also located on Table 5.42. 
From Table 5.42 it can be seen that the experimental results recorded in the 
transitional (318 K) and non-condensing (323 K to 333 K) regimes were most 
closely simulated through the use of combinations N and 0 respectively 
(Table 5.33). The CFD model underpredicted the experimental results in both 
of the above regimes and the percent difference between the theoretical and 
experimental results ranged from -69.21% to -75.54 %. This range of 
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Table 5.42: Theoretical Results Comparison 
(Roped/Finned Tubes, Flue Gas Velocity=0.58 m/s) 
Return Water 
Temperature 
(K) 
Experiment 
Results (Watts) 
Theoretical 
Results (Watts) 
Percent 
Difference (%) 
Combination of 
Equations 
308.00 909.79 337.40 -62.91 L 
313.00 809.13 326.29 -59.67 M 
318.00 714.49 220.01 -69.21 N 
323.00 667.89 163.38 -75.54 0 
328.00 571.58 152.50 -73.32 0 
333.00 561.31 144.35 -74.28 0 
underprediction was found to be very similar in magnitude to that recorded for 
the plain and finned tube hybrid heat exchanger simulations shown on Table 
5.38. As the equations used to calculate the outside heat transfer coefficients 
were the same for both combinations N and H and combinations 0 and I the 
reasons for the theoretical underprediction of the roped and finned tube 
experimental results are the same as those outlined in Section 5.3.3. 
In the condensing regime (return water temperatures of 308 K and 313 K) the 
theoretical results obtained using combinations L and M (Table 5.42) 
underpredicted the experimental results whereas the results obtained using 
combination P (Table 5.43) were found to overpredict the experimental data. 
Table 5.43: Theoretical Results Comparison - Rose (174) Enhancement Factor 
(Roped/Finned Tubes, Flue Gas Velocity=0.58 m/s) 
Return Water Experiment Theoretical Percent Combination of 
Temperature Results (Watts) Results (Watts) Difference (%) Equations 
(K) 
308.00 909.79 1,364.67 49.99 P 
313.00 809.13 1,290.71 59.51 P 
The theoretical results shown on Tables 5.42 and 5.43 were compared with the 
plain and finned tube hybrid heat heat exchanger results (Tables 5.38 and 5.39) 
and found to be very similar. This comparison indicated that the inside heat 
transfer coefficient had little impact on the calculation process. The above 
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statement was determined as the only differences between the combinations of 
equations used to calculate the theoretical data for both the plain and finned 
and the roped and finned tube hybrid heat exchangers were the equations for 
the inside heat transfer coefficients. 
The results of the low flue gas velocity (0.58 m/s) CFD simulations and the 
experimental data are shown graphically on Figure 5.35. 
The results of the CFD runs carried out with the Cobra HX model to simulate 
the performance of the roped and finned tube hybrid heat exchanger when the 
flue gas velocity was 1.45m/s are shown in Appendix H. The calculated results 
that most closely approximated the experimentally recorded data are printed in 
bold in the above Appendix and shown on Table 5.44. From this Table, 
Table 5.44 : Theoretical Results Comparison 
(Roped/Finned Tubes, Flue Gas Velocity=1.45 m/s) 
Return Water 
Temperature 
(K) 
Experiment 
Results (Watts) 
Theoretical 
Results (Watts) 
Percent 
Difference (%) 
Combination of 
Equations 
308.00 1,108.13 517.98 -53.26 M 
313.00 951.73 493.35 -48.16 M 
318.00 850.46 343.49 -59.61 0 
323.00 843.38 256.34 -69.61 0 
328.00 702.04 244.28 -65.20 0 
333.00 714.80 225.50 -68.45 0 
it can be seen that combination 0 provided the best theoretical results when 
the return water temperature was between 318 K and 333 K. The theoretical 
results however underpredicted the experimental results in all cases. This 
underprediction ranged from -59.61% to -69.61% as shown on Figure 5.36. 
When the percent difference figures for the 318 K to 333 K return water 
temperatures shown on Tables 5.42 and 5.44 were compared, it was 
determined that the CFD model produced theoretical results that more closely 
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simulated the performance of the heat exchanger at high flue gas velocity 
(1.45 m/s). 
When the CFD results in Appendix H were examined with respect to the 
condensing regime (308 K and 313 K return water temperatures), the data 
calculated using combination M was found to underpredict the experimental 
data (Table 5.44) while the results obtained using combination P (Table 5.45) 
Table 5.45: Theoretical Results Comparison - Rose (174) Enhancement Factor 
(Roped/Finned Tubes, Flue Gas Velocity=1.45 m/s) 
Return Water Experiment Theoretical Percent Combination of 
Temperature Results (Watts) Results (Watts) Difference (%) Equations 
(K) 
308.00 1,108.13 1,778.65 60.51 P 
313.00 951.73 1,667.37 75.19 P 
overpredicted the experimental data. The calculated results obtained using 
combination M underpredicted the experimental results by between -53.26% 
and -48.16%. When these results were compared to the data shown on Table 
5.42 for the same return water temperatures it was found that the CFD model 
produced results that were closer to the experimental data at the higher flue 
gas velocity (1.45 m/s). However, the theoretical results calculated using 
combination P at the high flue gas velocity were found to be less 
representative of the experimental results than the theoretical results calculated 
at the lower flue gas velocity of 0.58 m/s (Table 5.43). 
5.3.5 Theoretical Conclusions 
As a result of the analysis of the theoretical data generated using the Cobra HX 
CFD model, a number of conclusions were drawn. These conclusions are as 
follows: 
1) For low velocity flue gas (0.8 m/s) in the condensing regime, the closest 
theoretical simulation of the plain tube heat exchanger experimental results 
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was achieved using combination A. The closest simulations of the plain tube 
heat exchanger in the transitional and the non-condensing regimes were 
achieved using combinations B and C. 
2) For high velocity flue gas (4.0 m/s) in the condensing regime, the closest 
theoretical results for a plain tube heat exchanger were achieved using 
combination D. The best non-condensing simulations were achieved using 
combinations B and C. 
3) The modified CFD model simulated the plain tube experimental results for 
high flue gas velocity more closely than the experimental results for low flue 
gas velocity. At high flue gas velocity, the percentage differences between the 
theoretical and the experimental results ranged from -3.11% to -22.27% 
compared to -40.71% to -68.16% at low flue gas velocity. 
4) In all cases, the CFD model underpredicted the experimental results for the 
plain tube heat exchanger. 
5) For the roped tube heat exchanger, the best condensing regime CFD 
simulations were achieved using combination E. The non-condensing 
experimental results were most closely simulated using combination F. The 
order of performance for the outside heat transfer coefficient equations in the 
non-condensing regime was Mineur and Dunstan (72), Kays and London (73), 
Churchill and Bernstein (71). 
6) At high flue gas velocity (4.0 m/s), the closest theoretical simulation of 
roped tubes in the condensing regime was +0.52% achieved using combination 
E. Very good non-condensing simulations were obtained using combination 
F. The theoretical non-condensing results ranged from -5.92% to -13.04% 
compared to the experimental results. The order of performance of the 
non-condensing equations was Mineur and Dunstan (72), Kays-London (73), 
Churchill & Bernstein (71). 
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7) The theoretical simulations of the high velocity experimental results were 
found to be much better than the equivalent simulations for the low velocity 
results in all cases. With the exception of one case (+0.52%), all of the CFD 
simulations underpredicted the roped tube experimental results. 
8) At low flue gas velocity (0.58 m/s), the Cobra HX CFD model produced 
theoretical results using combinations G, H and I that underpredicted the plain 
and finned tube hybrid heat exchanger experimental results. This 
underprediction ranged from -59.75% to -74.90%. 
9) When an enhancement factor developed by Rose (174) was used in the 
Cobra HX CFD model to simulate the condensing regime of the plain and 
finned tube hybrid heat exchanger (flue gas velocity =0.58 m/s), the theoretical 
results overpredicted the experimental data. This overprediction ranged from 
56.81% to 60.28%. 
10) The experimental data obtained for the plain and finned tube hybrid heat 
exchanger (flue gas velocity=1.45 m/s) was theoretically simulated using 
combinations K, G, H and I in conjunction with the Cobra HX CFD model. 
These theoretical results underpredicted the experimental data by between 
-45.43% and -67.62%. 
11) The theoretical results (flue gas velocity=1.45 m/s) obtained for the plain 
and finned tube hybrid heat exchanger at the return water temperatures of 308 
K and 313 K using the Rose (174) enhancement factor overpredicted the 
experimental results. The overprediction ranged from 69.26% to 86.38%. The 
results obtained using the Rose (174) enhancement factor at high velocity were 
found to be poorer than similar results recorded at low flue gas velocity (0.58 
m/s). 
12) The theoretical results for the plain and finned tube hybrid heat exchanger 
were found to more closely simulate the experimental results when the flue 
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gas velocity was high (Table 5.40) compared to when the flue gas velocity was 
low (Table 5.38) in all cases. 
13) At low flue gas velocity (0.58 m/s), the Cobra HX CFD model produced 
theoretical results that underpredicted the experimentally recorded data for the 
roped and finned tube hybrid heat exchanger. The CFD results were calculated 
using combinations L, M and 0 and the underprediction of the experimental 
results ranged from -59.67% to -75.54%. 
14) When the enhancement factor developed by Rose (174) was used in the 
Cobra HX CFD model to simulate the performance of the roped and finned 
tube hybrid heat exchanger, the theoretical results overpredicted the 
experimental results at low flue gas velocity (0.58 m/s). This overprediction 
ranged from 49.99% to 59.51%. 
15) The experimental data obtained for the roped and finned tube hybrid heat 
exchanger-(flue gas velocity=1.45 m/s) was theoretically simulated using 
combinations M and 0 in conjunction with the Cobra HX CFD model. These 
theoretical results underpredicted the experimental data by between -48.16% 
and -68.45%. 
.t 
16) The theoretical results (flue gas velocity=1.45 m/s) obtained for the roped 
and finned tube hybrid heat exchanger at the return water temperatures of 308 
K and 313 K using the Rose (174) enhancement factor overpredicted the 
experimental results. The overprediction ranged from 60.51 % to 75.19%. The 
results obtained using the Rose (174) enhancement factor at high velocity were 
found to be poorer than similar results recorded at low flue gas velocity 
(0.58 m/s). 
239 
17) The theoretical results for the roped and finned tube hybrid heat 
exchanger were found to more closely simulate the experimental results when 
the flue gas velocity was high (Table 5.44) compared to when the flue gas 
velocity was low (Table 5.42) in all cases. 
18) In all cases the theoretical results produced with the Cobra HX CFD model 
showed the general trends observed in the experimentally recorded data. 
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Figure 5.4: Heat Exchanger Performance Comparison 
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Figure 5.7: Heat Exchanger Performance Comparison 
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Figure 5.10: Heat Exchanger Performance Comparison 
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Figure 5.13: Flue Gas Velocity Comparison 
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Figure 5.14: Flue Gas Velocity Comparison 
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Figure 5.15: Flue Gas Velocity Comparison 
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Figure 5.17: Flue Gas Velocity Comparison 
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Figure 5.18: Flue Gas Velocity Comparison 
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Figure 5.19: Flue Gas Velocity Comparison 
Finned and Plain Tube Hybrid Heat Exchanger 
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Figure 5.20: Flue Gas Velocity Comparison 
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Figure 5.21: Excess Air Comparison 
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Figure 5.22: Excess Air Comparison 
Roped Tube Heat Exchanger 
2 7An 
+" 1 vv 
600 
0 
500 
0400 
300 
m 200 
ý. 
ý \`'t 
\ \;. 
\ 
-mot ! -\ __ý 
,. 
= 305 310 315 320 325 330 335 
Inlet Water Temperature (K) 
Flue Gas Velocity=0.8m/s 
+ 0.12 kg/s 
-A' 0.11 kg/s 
0 
249 
Figure 5.23: Excess Air Comparison 
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Figure 5.24: Excess Air Comparison 
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Figure 5.25: Excess Air Comparison 
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Figure 5.26: Excess Air Comparison 
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Figure 5.31: Roped Tube Theoretical Comparison 
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Figure 5.32: Roped Tube Theoretical Comparison 
N 1000 
900 
800 
700 
N 600 
12 500 
F- 
m 400 
300 
, Z, lý -- 
305 310 315 320 325 330 
Inlet Water Temperature (K) 
Iris Open, Mass Flow=0.12 Kg/s f Experiment "A- Theoretical Flue Gas Velocity=4.0m/s 
335 
254 
1500 
Figure 5.33: Plain / Finned Tube Theoretical Comparison' 
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Figure 5.35: Roped / Finned Tube Theoretical Comparison 
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CHAPTER 6 
Conclusions and Recommendations 
6.1 Conclusions 
The results of experiments carried out in the present investigation have shown 
that in the secondary or condensing heat exchanger of a condensing boiler, 
roped or spirally indented tubes transfer less heat than an equivalent plain 
tube. The plain tube heat exchanger transferred more heat than the roped tube 
heat exchanger in both the condensing and the non-condensing regimes 
regardless of both the velocity and the oxygen content present in the 
combustion products. 
In the condensing regime (when the temperature of the water entering the heat 
exchangers was either 308 K or 313 K), the roped tube heat exchanger was 
found to produce less condensate than the equivalent plain tube heat 
exchanger. Except in a few cases, the roped tube heat exchanger produced less 
condensate than the plain tube heat exchanger regardless of the velocity and 
the percentage of oxygen present in the combustion products. 
At low flue gas velocity (0.8 m/s), when the iris mounted on the experimental 
apparatus was set in either the open or the closed position, the differential 
pressure across the plain and roped tube heat exchangers was found to be very 
similar. At high flue gas velocity (4.0 m/s) however, the roped tube heat 
exchanger had a greater differential pressure across the heat exchanger than 
the plain tube heat exchanger in all cases (when the iris mounted on the 
experimental apparatus was in both the open and the closed position). 
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In addition to the recorded information about the heat transfer, the amount of 
condensate collected and the pressure drop across both the plain and roped 
tube heat exchangers, the experiments provided important information about 
the condensation regime present in the secondary heat exchanger of a 
condensing boiler and the performance of roped tubes in a non-condensing 
environment (Appendix D). 
When the roped (or spirally indented) tubes were combined with finned tubes 
to form a hybrid heat exchanger, it was determined that more heat was 
transferred than by a similar hybrid heat exchanger that consisted of plain and 
finned tubes. The roped and finned tube heat exchanger transferred more heat 
than the equivalent plain tube hybrid regardless of both the flue gas velocity 
and the position of the iris located on the test equipment. In terms of the 
amount of heat transferred, the order of performance of the four heat 
exchangers under investigation was as follows: roped and finned tube hybrid, 
plain and finned tube hybrid, plain tube heat exchanger, roped tube heat 
exchanger. 
A comparison of the differential pressures across the hybrid heat exchangers 
determined that the roped and finned hybrid heat exchanger had a larger 
differential pressure than the equivalent plain and finned tube heat exchanger 
at low flue gas velocity (0.58 m/s). The hybrid heat exchangers were found to 
have much smaller pressure differentials at low flue gas velocity than either 
the plain and roped tube heat exchangers. The effect of high velocity flue gas 
(1.45 m/s) on the' differential pressure across the hybrid heat exchangers was 
found to be less conclusive than for the plain and roped tube heat exchangers. 
In addition to the above conclusions regarding heat transfer and the 
differential pressure, it was determined that in the condensing regime (when 
the temperature of the return water entering the heat exchanger was between 
308 K and 313K) the roped and finned tube hybrid heat exchanger produced 
more condensate than the plain and finned tube hybrid heat exchanger. 
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When the effects of increased flue gas velocity on the secondary heat 
exchanger of a condensing boiler were examined, it was determined in all 
cases (when the iris on the experimental apparatus was both in the open and 
closed position) that an increase in the velocity of the combustion products 
resulted in an increase in the amount of heat transferred by the heat 
exchangers. It was also determined that more condensate was produced by all 
four of the heat exchangers under investigation when the velocity of the flue 
gas was high compared to low flue gas velocity. 
The experimental results also showed that in the condensing regime, the effect 
on the experimental heat exchangers of altering the amount of oxygen (excess 
to that required for stoichiometric combustion) was that less heat was 
transferred as the percentage of oxygen increased. In the non-condensing 
regime as the percentage of oxygen excess to that required for stoichiometric 
combustion was increased, more heat was transferred by the four experimental 
heat exchangers. 
The general experimental trends observed in this investigation are shown on 
Table 6.1. The order of performance of the four heat exchangers examined 
has been arranged such that 1) denotes the highest or best performance and 4) 
the poorest performance. 
Table 6.1: General Experimental Trends 
Examined , High Flue Gas High Flue Gas Low Flue Gas Low Flue Gas 
Parameter Velocity Velocity Velocity Velocity 
Iris Open Iris Closed Iris Open Iris Closed 
Heat 1)Roped/Finned 1)Roped/Finned 1)Roped/Finned 1)Roped/Finned 
Transferred 2)Plain/Finned 2)Plain/Finned 2)Plain/Finned 2)Plain/Finned 
3) Plain 3) Plain 3) Plain 3) Plain 
4) Roped 4) Roped 4) Roped 4) Roped 
Differential 1) Plain/Finned 1) Plain/Finned I)Roped I)Roped 
Pressure 2)Roped/Finned 2)Roped/Finned 2)Plain 2)Plain 
3)Roped 3)Roped 3)Roped/Finned 3)Roped/Finned 
4)Plain 3)Plain 4)Plain/Finned 4)Plain/Finned 
Condensate 1)Roped 1)Roped/Finned 1)Roped/Finned 1)Roped/Finned 
Produced 2)Plain 2)Plain 2)Plain/Finned 2)Plain/Finned 
3)Roped/Finned 3)Roped 3)Plain 3)Roped 
4)Plain/Finned 4)Plain/Finned 4)Roped 4)Plain 
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In addition to the experimental work carried out in the present investigation, 
theoretical modelling was also performed. An existing CFD model (Cobra 
HX) was modified and used to calculate the performance of the four heat 
exchangers under investigation. It should be noted that the theoretical work 
carried out in this investigation is supportive of the experimental work and is 
not the main component of the work 
At high flue gas velocity (4.0 m/s) the theoretical results produced by the 
modified CFD model for both the plain and roped tube heat exchangers were 
found to be good. The percentage difference between the experimental and the 
theoretical results for the plain tube heat exchanger ranged from -3.11 % to 
-22.27%. The percentage differences between the theoretical results and the 
experimental data for the roped tube heat exchanger were found to be smaller 
than for the equivalent plain tube heat exchanger. The percentage difference in 
the results ranged from +0.52% to -13.04%. 
When the CFD model was used to predict the performance of the plain and 
roped tube heat exchangers at low flue gas velocity (0.8 m/s), the percentage 
differences between the theoretical and experimental results were greater than 
for the higher flue gas velocity of 4.0 m/s. The difference between the 
theoretical and the experimental data for the plain tube heat exchanger ranged 
from -40.71% to -68.16% compared to -36.66% to -64.69% for the roped tube 
heat exchanger. With the exception of one result for the roped tube heat 
exchanger, the modified CFD model underpredicted the experimental data. 
When the CFD model was used to determine the performance of the hybrid 
heat exchangers, the results were found to be less accurate than the theoretical 
results obtained for the plain and roped tube heat exchangers. The Cobra HX 
CFD model generally underpredicted the experimental results for the hybrid 
heat exchangers and the degree of underprediction was less when the flue gas 
velocity was high (1.45 m/s compared to 0.58 m/s). The percentage differences 
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between the experimental and the theoretical data for the plain and finned tube 
hybrid heat exchanger at high flue gas velocity ranged from -45.43% to 
-67.62% compared to a range of -59.75% to -74.90% at low flue gas velocity. 
Similar percentage difference figures were obtained for the roped and finned 
tube hybrid heat exchanger. At high flue gas velocity, the percentage 
difference ranged from -48.16% to -68.45% compared to-59.67% to -75.54% 
at low flue gas velocity. 
In addition to the above theoretical modelling, an enhancement factor 
developed by Rose (174) was used to predict the performance of the hybrid 
heat exchangers in the condensing regime (where the return water 
temperatures entering the heat exchangers were 308 K and 313 K 
respectively). The theoretical results obtained using this enhancement factor 
overpredicted the experimental results obtained using both the plain and the 
roped tube hybrid heat exchangers The overprediction of the experimental 
results for the roped and finned hybrid heat exchanger was found to be less 
than the equivalent plain and finned tube hybrid heat exchanger regardless of 
the flue gas velocity. The overprediction of the roped and finned tube hybrid 
heat exchanger ranged from +49.99% to +59.51 % at low flue gas velocity and 
+60.51% to +75.19% at high flue gas velocity. The theoretical overprediction 
of the plain and finned tube hybrid heat exchanger was similar in magnitude 
and ranged from +56.81% to +60.28% and +69.26% to +86.38% for flue gas 
velocities of 0.58 m/s and 1.45 m/s respectively. 
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6.2 Recommendations 
This investigation has identified several areas of further research that could be 
undertaken to provide more insight into the improvement of condensing 
boilers. These areas are as follows: 
" Further experiments should be carried out to examine whether or not other 
types of enhanced tubes such as fluted, wire-wrapped, corrugated or 
rippled finned tubes, micro fin tubes or tubes with wire coil or twisted tape 
inserts would transfer more heat than an equivalent plain tube in a flue gas 
environment. 
An optimisation exercise should be carried out with respect to fan size, 
fan speed and the dimensions of the heat exchanger ducting and casing in 
order to maximise heat transfer and condensation from the secondary heat 
exchanger. 
Heat exchangers with staggered tube bundles should be considered for use 
in condensing boilers. 
" Experiments should be carried out using an enhanced heat exchanger in an 
industrial sized condensing boiler to determine if improvements in the 
amount of heat transferred and condensation generated could be improved. 
" Further work should be carried out on the Cobra HX CFD model to 
improve the capability of predicting the performance of finned tubes. 
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CFD Experimental Work 
Plain Tubes - Narrow Condition 
Non-Condensing Runs 
Run No. Outside h. t. c Inside h. t. c Inlet Water Temp (K) 
1 Mineur Dittus-Boelter 333 
2 Mineur Seider-Tate 333 
3 Mineur Petukhov 333 
4 Mineur Dittus-Boelter 328 
5 Mineur Seider-Tate 328 
6 Mineur Petukhov 328 
7 Mineur Dittus-Boelter 323 
8 Mineur Seider-Tate 323 
9 Mineur Petukhov 323 
10 Kays/London Dittus-Boelter 333 
11 Kays/London Seider-Tate 333 
12 Kays/London Petukhov 333 
13 Kays/London Dittus-Boelter 328 
14 Kays/London Seider-Tate 328 
15 Kays/London Petukhov 328 
16 Kays/London Dittus-Boelter 323 
17 Kays/London Seider-Tate 323 
18 Kays/London Petukhov 323 
19 Churchill/Bernstein Dittus-Boelter 333 
20 Churchill/Bernstein Seider-Tate 333 
21 Churchill/Bernstein Petukhov 333 
22 Churchill/Bernstein Dittus-Boelter 328 
23 Churchill/Bernstein Seider-Tate 328 
24 Churchill/Bernstein Petukhov 328 
25 Churchill Bernstein Dittus-Boelter 323 
26 Churchill/Bernstein Seider-Tate 323 
27 Churchill/Bernstein Petukhov 323 
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/This file is jf2n. dat 
/ 
AGRO 
ATOL 0.2 
NBAD 1 
NLEVB 0 
START "JF2N : plain tubes : non-condensing : narrow" /title of run 
STEADY 5 /maximum 5 levels of refinement 
XYZ 2 /CARTESIAN 2D geometry 
X40.0 0.048 LINEAR 0 SYMMETRIC /4 cells wide, 0-11.2 cms 
Y 30 -0.10.20 LINEAR 0 NORMAL /30 cells deep, -1-20 cms 
/ 
GAS 
SIMMEM /assign memory for SIMPLE solver 
SETVAR P /solve for PRIMITIVES in SIMPLE 
GAMMA 1.4 /ratio of specific heats 
TURBULENT /solve turbulent flow equations 
SGE 0.9 
SGV 1.0 
UTL 1. E-6 /minimum turbulent length scale 
KMIN 1. E-12 /minimum turbulent energy 
NOSLIP /sticky walls 
WALLM WALLFUNC /turbulent wall characteristic 
SCALAR N2 GAM 1.4 WMOL 28.0 END 
SCALAR 02 GAM 1.4 WMOL 32.0 END 
SCALAR C02 GAM 1.4 WMOL 44.0 END 
SCALAR H2O GAM 1.4 WMOL 18.0 END 
SCOND /activate heat transfer to solid 
NSOLH 5 /solve for hx in 5 solids 
END 
NLEV01 /highest fully refined grid 
NLEVR 2 /initial highest level of grid 
/ 
USER 
EOS IDEAL /solve for IDEAL GAS EOS 
NUO 1.8E-5 /dynamic viscosity 
GRAV 0.0 -9.81 /activate gravity for bouyancy 
TUBEK 15.214 /thermal conductivity of tube wall TUBELL 0.3 /tube length 
TUBEOD 0.019 /outside diameter of tubes 
TCOOLO 332.9941 /coolant inlet temperature 
MFCOOL 0.081942 /coolant mass flow rate AREAF 3.0E-3 /effective open area 
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FIXEDM IS 
P 1.0135E5 
D 0.8621 
U2 -4.0 
K 0.0016 
EPS 0.0008 
AL1 0.70974 
AL2 0.14808 
AL3 0.07814 
AL4 0.0640 
END 
SHAPE 
AT 0.0 0.2 0.0 OP ADD RECT 1.0 1.00 
END 
/ Define the outflow as a fixed pressure plane. 
FIXEDP IS 
P 1.0135E5 
D 0.9455 
U1 0.0 
U2 -1.0 
K 0.0016 
EPS 0.0008 
AL1 0.70974 
AL2 0.14808 
AL3 0.07814 
AL4 0.0640 
END 
SHAPE 
AT 0.0 -1.0 0.0 OP ADD RECT 1.0 0.9 
END 
/ Tube 1: layer 1 
SOLID IS TE 305.0 CV 1. COND 36. END 
SHAPE AT 0.024 0.0 0. OP ADD CIRCLE 0.0095 END 
/ Tube 2: layer 2 
SOLID IS TE 305.0 CV 1. COND 36. END 
SHAPE AT 0.024 0.024 0. OP ADD CIRCLE 0.0095 END 
/ Tube 3: layer 3 
/ 
SOLID ' IS TE 305.0 CV 1. COND 36. END 
SHAPE AT 0.024 0.048 0. OP ADD CIRCLE 0.0095 END 
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XMFFG 0.01226 /flue gas mass flux 
SIMPLIN /activate SIMPLE solver 
HNLSOL /solve enthalpy equation 
NSWPU 1 /SIMPLE solver settings 
NSWPP4 
NSWPK 1 
NSWPEPS 1 
UNDRELU 0.1 
UNDRELP 0.8 
UNDRELK 0.1 
UNDRELEPS 0.1 
CONCHK 10 
REFPRE 1.0135E5 REFRHO 0.2 REFTEM 2000.0 REFVEL 1.0 
SORDU 2 SORDK 2 SORDA 2 
END 
END 
/ 
CSG /Geometry definitions of initial states of the computational domain 
DEFAULT IS 
P 1.0135E5 
D 0.8621 
U1 0. 
K 0.0016 
EPS 0.0008 
AL I 0.70974 
AL2 0.14808 
AL3 0.07814 
AL4 0.0640 
END 
FLUID IS 
P 1.0135E5 /pressure 
D 0.8621 /density (sets temperature) 
U2 -1.0 / -ve for downward flow 
K 0.0016 
EPS 0.0008 
AL1 0.70974 /species 1 NITROGEN 
AL2 0.14808 /species 2 OXYGEN 
AL3 0.07814 /species 3 CARBON DIOXIDE 
AL4 0.0640 /species 4 WATER 
END 
SHAPE 
OP ADD PURE 
END 
/ Define the inflow condition, at top of domain, downward flow 
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/ Tube 4: layer 4 
/ 
SOLID IS TE 355.0 CV 1. COND 36. END 
SHAPE AT 0.024 0.072 0. OP ADD CIRCLE 0.0095 END 
/ Tube 5: layer 5 
SOLID IS TE 305.0 CV 1. COND 36. END 
SHAPE AT 0.024 0.096 0. OP ADD CIRCLE 0.0095 END 
/ Tube 6: layer 1 side tube 1 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.0 0.0 0. OP ADD CIRCLE 0.0095 END 
/ Tube 7: layer 1 side tube 2 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.048 0.0 0. OP ADD CIRCLE 0.0095 END 
/ Tube 8: layer 2 side tube 1 
/ 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.0 0.024 0. OP ADD CIRCLE 0.0095 END 
/ Tube 9: layer 2 side tube 2 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.048 0.024 0. OP ADD CIRCLE 0.0095 END 
/Tube 10 : 'layer 3 side tube 1 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.0 0.048 0. OP ADD CIRCLE 0.0095 END 
/ Tube 11 : layer 3 side tube 2 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.048 0.048 0. OP ADD CIRCLE 0.0095 END 
/ Tube 12 : layer 4 side tube 1 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.0 0.072 0. OP ADD CIRCLE 0.0095 END 
/ 
/ Tube 13 : layer 4 side tube 2 
/ 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
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SHAPE AT 0.048 0.072 0. OP ADD CIRCLE 0.0095 END 
/ Tube 14: layer 5 side tube 1 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.0 0.096 0. OP ADD CIRCLE 0.0095 END 
/ Tube 15 : layer 5 side tube 2 
SOLID IS TE 305.0 CV 1. E-5 COND 3. E-6 END 
SHAPE AT 0.048 0.096 0. OP ADD CIRCLE 0.0095 END 
END 
END 
/ Convergence and other general settings 
ORDER 2 
SIMPLE 
NODEBUG 
CONCHK 10 
/Specify tube links and positions 
TUBE I 
TYPE PLAIN /tube type 
POSITION CENTRAL /correction factor for position 
MATERIAL SS316 15.214 /thermal conductivity of wall 
OD 0.019 /outside diameter for tube 
WT 0.001 /wall thickness 
INSIDE DIETTUS-BOELTER /inside hx equation 
OUTSIDE MINEUR 5.1.25 1.25 /outside hx equation no & XT & XL 
REFERENCE 0.024 0.19 /reference location 
END 
LINK TUBE 0 11.0 /links between tubes 
TUBE 2 
TYPE PLAIN 
POSITION CENTRAL 
MATERIAL SS316 15.214 
OD 0.019 
WT 0.001 
INSIDE DIETTUS-BOELTER 
OUTSIDE MINEUR 4.1.25 1.25 /outside hx equation no & XT & XL 
REFERENCE 0.024 0.19 /reference location 
END 
LINK TUBE 121.0 
TUBE 3 
TYPE PLAIN 
POSITION CENTRAL 
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MATERIAL SS316 15.214 
OD 0.019 
WT 0.001 
INSIDE DIETTUS-BOELTER 
OUTSIDE MINEUR 3.1.25 1.25 /outside hx equation no & XT & XL 
REFERENCE 0.024 0.19 /reference location 
END 
LINK TUBE 231.0 
TUBE 4 
TYPE PLAIN 
POSITION CENTRAL 
MATERIAL SS316 15.214 
OD 0.019 
WT 0.001 
INSIDE DIETTUS-BOELTER 
OUTSIDE MINEUR 2.1.25 1.25 /outside hx equation no & XT & XL 
REFERENCE 0.024 0.19 /reference location 
END 
LINK TUBE 341.0 
TUBE 5 
TYPE PLAIN 
POSITION CENTRAL 
MATERIAL SS316 15.214 
OD 0.019 
WT 0.001 
INSIDE DIETTUS-BOELTER 
OUTSIDE MINEUR 1.1.25 1.25 /outside hx equation no & XT & XL 
REFERENCE 0.024 0.19 /reference location 
END 
LINK TUBE 451.0 
HXON 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 100 REGRID 
RELAX 100 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 1 REGRID 
RELAX 1 REGRID 
LIST FULL / report state of solution to screen 
REFINE / go to next level 
/ 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
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RELAX 100 REGRID 
RELAX 100 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 1 REGRID 
RELAX 1 REGRID 
LIST FULL / report state of solution to screen 
REFINE / go to next level 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 100 REGRID 
RELAX 100 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 1 REGRID 
RELAX 1 REGRID 
LIST FULL / report state of solution to screen 
WRITE JF2N R_DB_M_1 / the model results, Diettus-Boelter Mineur 
REPORT JF2N R_DB_M_1. LOG / the log file 
$ lpr -Pline_print JF2N R DB M_1. LOG 
$ compress /local/people/haskosm/data/vcobrarf2n*. dsb 
$ echo "JF2N R DB M_1. LOG\n" > transmit. doc 
$ cat JF2N R_DB M 1. LOG» transmit. doc 
TCOOLO 327.8531 /coolant inlet temperature 
MFCOOL 0.082142 /coolant mass flow rate 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 1 REGRID 
RELAX 1 REGRID 
LIST FULL / report state of solution to screen 
WRITE JF2N R DB M_4 / the model results, Diettus-Boelter Mineur 
REPORT JF2N R DB M_4. LOG / the log file 
$ lpr -Pline print JF2N R. DB_M 4. LOG 
$ compress /local/people/haskosm%data/vcobra/jf2n*. dsb 
$ echo "JF2N R DB M 4. LOG\n" > transmit. doc 
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$ cat JF2N R DB M 4. LOG» transmit. doc 
/- 
TCOOLO 323.0863 
MFCOOL 0.082348 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 10 REGRID 
RELAX 1 REGRID 
RELAX 1 REGRID 
LIST FULL 
/coolant inlet temperature 
/coolant mass flow rate 
/ report state of solution to screen 
WRITE JF2N_R DB M7/ the model results, Diettus-Boelter Mineur 
REPORT JF2N_R DB M_7. LOG / the log file 
$ lpr -Pline_print JF2N R_DB_M_7. LOG 
$ compress /local/people/haskosm/data/vcobrarf2n*. dsb 
$ echo "JF2N R DB M_7. LOG\n" > transmit. doc 
$ cat JF2N R_DB_M_7. LOG» transmit. doc 
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Appendix C 
Calibration Certificate for the Gravitron Weighing Machine used to Calibrate 
the Rotameters discussed in Section (4.5.2) 
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Lmoý- =I Lill 
(raw. P-Mffl: " CERTIFICATE OF CALIBRATION 
te r_ n*i_ '7 20220 OV I'm 9V 4I r 
ISSUED BY AVERY BERKEL UK 
DATE OF ISSUE u .. 3 4" 
94 
AVERY BERKEL UK 
WEST BROMWICH ROAD 
TAME BRIDGE 
WALSALL 
WS54BD 
TELEPHONE (0922) 434343 
FAX (0922) 616806 
ýAL$BRATION 
4o. 0450 
PAGE 1 OF PAGES 
APPROVED SIGNATORY 
D PROCTOR 
OF LABORATORY 
CUSTOMER 
British Gas PLC 
Research and Technology 
Ashby Road 
Loughborough 
Leicestershire 
LE11 3 QU 
DESCRIPTION AND IDENTIFICATION: 
MANUFACTURER " 
Gravitron 
MACHINE TYPE - HD100 
SERIAL NO. - 4053-15 
CAPACITY " 120kg 
RESOLUTION (d) - 
0. Olkq 
CALIBRATION FREQUENCY (MONTHS) - 
DATE OF CALIBRATION 15 March 1994 
12 
SITE LOCATION 
G. T. 
Customer No 605.027 
'rho uncertainties Sr. fora Confidence probability of not use than 95% DOC NO 6901 
This csnnt Its IS Issued In sccordsnes with the conditions of accreditation granted by the National Measurement Accreditation Ssrvla. which hoe 
sss the t^w "eaPaWlty of the laboratory and Its tnesabiltty to recognised national standards and to units of measurement ºs+11MO at 
the comsoonoing national standards laboratory. Copyright of this cottlf sate is owned Jointly by the Crown and the issuing laboratory and may not 
. reproduced other than in full sicspt with the prior written approval of the Head of NAMAS and the issuing laboratory. 
SERIAL NUMBER AB. 
J0783 
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CERTIFICATE OF CALIBRATION 
60T- 'o I., w? 
:, SUED BYAVERY FERKEL Ur 
DATE CF ISSUE 01.04.94 
MEASUREMENTS : 
vF ., üs. ý : AGE 2,3- ERIAL NUMBER : 3.0078 
20220 
The Neighing machine was calibrated by applying calibrated 
standard weights to the sample pan. Prior to the hest the 
machine had been allowed to stabilise. 
The weights used for the calibration were all traceable to 
National Standards of Mass through the following certificates 
WEIGHT SET CERT. NOS. -. 107-92 - T09514 
AB41-AB45 - T10875 
The calibration was conducted in line with company procedures 
AP-5-1706 to 1709 inclusive covering the following parameters 
1. Zero check and Tare Mechanism 
2. Linearity of Scale 
3. Off Centre Loading (Eccentricity) Test 
4. Repeatability 
ENVIRONMENT : 
The environment was measured in the area in which the machine 
was located. 
Parameter Before Test After Test 
Temperature ( C) N/A N/A 
Humidity (_" RH) N/A N/A 
Air Pressure (mbar) N/A N/A 
1" 
The uncertainty of measurement for all tests is 
EQ-ý5aýrg 
Tested to 60kg. 
The uncarta ntlw are for a confidance probability of not lase than 95% 
DOC NO 6901C 
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605,0107 
CERTIFICATE OF CALIBRATION 
_SSUED BY AVERY EERKEL UK ? AGE 3 SF = =GLS 
DATE OF ISSUE 01.04.94 SERIAL : 7UMER A3.00783 
LINEARITY FULL SCALE 
LOAD INDICATED VALUE 
Zero 0.00kg 
6kg 6.00kg 
12kg 12.00kg 
18kg 18.00kg 
24kg 24.00kg 
30kg 30.00kg 
36k9 36.00kg 
42kg 42.00kg 
48kg 48.00kg 
54kg 54.00kg 
60kg 60.00kg 
Zero 0.00kg 
OFF CENTRE LOADING (ECCENTRICITY) TEST 
POSIT'-ON LOAD 
Zero 
Centre 20kg 
Corner 1 20kg 
Corner 2 20kg 
Corner 3 20kg 
Corner 4 20kg 
Centre 20kg 
Zero 
REPEATABILITY RANGE 
INDICATED VALUE 
0.00kg 
20.00kg 
20.00kg 
20.00kg 
20.00kg 
20.00kg 
20.00kg 
0.00kg 
LOAD INDICATED VALUE 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00kg 
30kg 30.00kg 
Zero 0.00ka 
The un certainties are for a cont1deaoa probability of not lase than 95% DOC NO 6901C 
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Multiple Rregression Analysis for the Rotameters discussed in Section (4.5.2) 
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Appendix C 
Multiple Regression Analysis 
To ensure that the measured flow rate of the water entering the experimental heat exchanger 
was accurate, the two rotameters discussed in Section (4.5.2) were calibrated using a 
gravitron weighing machine, a collecting vessel and a stopwatch. 
Data was collected using the above equipment and then subjected to a miltiple regression 
analysis in order to produce a calibration equation for the two rotameters. The analysis was 
carried out by Mr. Mark Ranzetta of the Maths and Computing Division at the Gas Research 
Centre who developed a specific equation, equation (2), based on the following general form, 
equation (1): 
Y= 11 + F'1XI + F'2X2 + 
33X1X2 + F'4(X1 
)2 + F'S( 
X2)2 (1) 
where: 
Y represents a responce variable 
X; (i=1,2) represents each of the predictor variables 
aA, ß2, ß3, ßa, ßs are the coefficients of the equation 
The developed equation for the two rotameters used in the present investigation, based on the 
above general form, was as follows: 
Final = Constant +( ß1x initial value) + -52 
+ 
-Jjj- 
+ ß4 *initial value (2) 
(Flow)" Flow (Flow)" 
where: 
Constant = 1.3971005539 
ßl = 1.0736120919 
P2 =-0.2174267447 
P3 = 0.0099902809 
N= -0.0224111 
The initial value in equation (2) is the mass of water collected in kilograms and the flow is 
the flow rate, in cubic meters per hour (m3/hr), taken from the glass rotameter cylinder. The 
Final value (the responce variable) obtained with equation (2) is the corrected mass of water 
in kilogram. 
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Certificate of Functionality for the Servomex 02 Analyser used in the flue gas analysis, 
discussed in Section (4.5.4). 
"t 
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GRC Calibration Laboratory 
CERTIFICATE OF FUNCTIONALITY 
Date of Issue: 17 January 1995 Certificate Number: 20861 
Page 1 of 1 pages. 
Instrument details: 
Manufacturer: Servomex 
Type: 570A 
GRC Cai. Lab. Instr. No: 
Description: 
108.068 
Oxygen Anaisyer 
Procedure/Conditions: 
The functionality of the above analyser was checked on the date given below and found to be 
satisfactory. 
Functionality check 
Date: 13th July 1994 
Customer (Name/Lab. ): J Fidler, FD&HT. 
Work Request Number: 18287 
Serviced By :BS Sohota 
Certified By : r' `; 
GRC Cal. Lab. Job No.: 94.10548 
(Approved Signatory: C. J. Martin) 
NOTE: Wherever appropriate, all measurements or comparisons are performed using instruments with calibration records traceable to National Standards. Unless otherwise stated; 
measurement uncertainties are for a confidence probability of not less than 95%. 
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PLAIN TUBE EXPERIMENTS - LOW VELOCITY 
Vapour Return Water Iris Position Experiment 
Velocity Temperature (K) Number 
Low 308 Open 1 
Low 308 Closed 2 
Low 313 Open 3 
Low 313 Closed 4 
Low 318 Open 5 
Low 318 Closed 6 
Low 323 Open 7 
Low 323 Closed 8 
Low 328 Open 9 
Low 328 Closed 10 
Low 333 Open 11 
Low 333 Closed 12 
ROPED TUBE EXPERIMENTS - LOW VELOCITY 
Vapour Return Water Iris Position Experiment 
Velocity Temperature (K) Number 
Low 308 Open 13 
Low 308 Closed 14 
Low 313 Open 15 
Low 313' Closed 16 
Low 318 Open 17 
Low 318 Closed 18 
Low 323 Open 19 
Low 323 Closed 20 
Low 328 Open 21 
Low 328 Closed 22 
Low 333 Open 23 
Low 333 Closed 24 
303 
PLAIN/FINNED TUBE EXPERIMENTS - LOW VELOCITY 
Vapour Return Water Iris Position Experiment 
Velocity Temperature (K) Number 
Low 308 Open 25 
Low 308 Closed 26 
Low 313 Open 27 
Low 313 Closed 28 
Low 318 Open 29 
Low 318 Closed 30 
Low 323 Open 31 
Low 323 Closed 32 
Low 328 Open 33 
Low 328 Closed 34 
Low 333 Open 35 
Low 333 Closed 36 
ROPED/FINNED TUBE EXPERIMENTS - LOW VELOCITY 
Vapour Return Water Iris Position Experiment 
Velocity Temperature (K) Number 
Low 308 Open 37 
Low 308 Closed 38 
Low 313 Open 39 
Low 313 Closed 40 
Low 318' Open 41 
Low 318 Closed 42 
Low 323 Open 43 
Low 323 Closed 44 
Low 328 Open 45 
Low 328 Closed 46 
Low 333 Open 47 
Low 333 Closed 48 
304 
PLAIN TUBE EXPERIMENTS - HIGH VELOCITY 
Vapour Return Water Iris Position Experiment 
Velocity Temperature (K) Number 
High 308 Open 49 
High 308 Closed 50 
High 313 Open 51 
High 313 Closed 52 
High 318 Open 53 
High 318 Closed 54 
High 323 Open 55 
High 323 Closed 56 
High 328 Open 57 
High 328 Closed 58 
High 333 Open 59 
High 333 Closed 60 
ROPED TUBE EXPERIMENTS - HIGH VELOCITY 
Vapour Return Water Iris Position Experiment 
Velocity Temperature (K) Number 
High 308 Open 61 
High 308 Closed 62 
High 313 Open 63 
High 313 Closed 64 
High 318 Open 65 
High 318 Closed 66 
High 323 Open 67 
High 323 Closed 68 
High 328 Open 69 
High 328 Closed 70 
High 333 Open 71 
High 333 Closed 72 
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PLAIN/FINNED TUBE EXPERIMENTS - HIGH VELOCITY 
Vapour Return Water Iris Position Experiment 
Velocity Temperature (K) Number 
High 308 Open 73 
High 308 Closed 74 
High 313 Open 75 
High 313 Closed 76 
High 318 Open 77 
High 318 Closed 78 
High 323 Open 79 
High 323 Closed 80 
High 328 Open 81 
High 328 Closed 82 
High 333 Open 83 
High 333 Closed 84 
ROPED/FINNED TUBE EXPERIMENTS - HIGH VELOCITY 
Vapour Return Water Iris Position Experiment 
Velocity Temperature (K) Number 
High 308 Open 85 
High 308 Closed 86 
High 313 Open 87 
High 313 Closed 88 
High 318 Open 89 
High 318 Closed 90 
High 323 Open 91 
High 323 Closed 92 
High 328 Open 93 
High 328 Closed 94 
High 333 Open 95 
High 333 Closed 96 
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